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Abbreviations and acronyms used in this report

BLTM Branched Lagrangian Transport Model

BOD biochemical oxygen demand

BOD, ultimate biochemical oxygen demand

BODj 5-day biochemical oxygen demand

CBOD, ultimate carbonaceous biochemical oxygen demand

CBOD; 30-day carbonaceous biochemical oxygen demand

FW freshwater

NPDES National Pollutant Discharge Elimination System

ppt parts per thousand '

QUALZ2E Enhanced Stream Water Quality Model

SA tidal saltwaters suitable for primary and secondary contact.recreation; daily aver-
age dissolved-oxygen concentration not less than 5.0 mg/L (milligrams per liter)
with a low of 4.0 mg/L.

SB tidal saltwaters suitable for primary and secondary contact recreation; dissolved-

oxygen concentration not less than 4.0 mg/L.

SCDHEC South Carolina Department of Health and Environmental Control

STORET ~ U.S. Environmental Protection Agency (STOrage and RETrieval) water-quality
data base

TMDL total maximum daily load

UOD ultimate oxygen demand

USCOE U.S. Army Corps of Engineers

USEPA . U.S. Environmental Protection Agency
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Simulation of Temperature, Nutrients, Biochemical
Oxygen Demand, and Dissolved Oxygen in the
Ashley River near Charleston, South Carolina,

1992-95

By Paul A. Conrads

ABSTRACT

Longitudinal dissolved-oxygen profiles of the
Ashley River for various hydrologic and point-
source loading conditions were determined using
results from water-quality simulations by the
Branched Lagrangian Transport Model. The study
area included the Ashley River from S.C. Highway
165 at Bacon Bridge to S.C. Highway 17 near the
confluence with the Charleston Harbor. Hydraulic
data for the Branched Lagrangian Transport Model
were simulated using the U.S. Geological Survey
BRANCH one-dimensional unsteady-flow model.
Data used to apply and calibrate the BRANCH
model included time series of water-level data at
three locations and measured tidal-cycle stream-
flows at four locations. Data used to apply and cali-
brate the Branched Lagrangian Transport Model
included time series of salinity concentrations at
three locations, high- and low-slack tide longitudi-
nal salinity profiles from six sampling locations,
nutrient and biochemical oxygen demand concen-
trations collected over a tidal cycle during two sam-
pling surveys for six locations, nutrient and
biochemical oxygen demand concentrations col-
lected over five slack tides over 2 and 3 days during
two sampling surveys for three locations, and con-
tinuous water temperature data and dissolved oxy-
gen concentrations at three locations.

A sensitivity analysis of the simulated dis-
solved-oxygen concentrations to model coefficients
and data inputs indicated the simulated dissolved-
OXygen concentrations were most sensitive to equi-
librium temperatures due to the effect of tempera-
ture on reaction rate kinetics. Of the model
coefficients, the simulated dissolved-oxygen con-

centrations were most sensitive to sediment oxygen
demand.

Scenario simulations were used to evaluate
four point-source loading conditions to the system
by comparing simulated dissolved-oxygen concen-
trations with a condition where there is no point-
source discharge into the system (no-load condi-
tion). The September 1992 loading condition
decreased the 1-day dissolved-oxygen concentration
of September 25, 1992, by 29.0 percent or less as
compared to a no-load condition. Setting all the
point-source loadings to advanced secondary treat-
ment (10 milligrams per liter of ammonia-nitrogen
(mg/L) and 20 mg/L of 5-day biochemical oxygen
demand) decreased the total ultimate oxygen
demand loading to the system by 28 percent and
decreased the 1-day mean dissolved-oxygen con-
centrations from the no-load condition by 29.9 per-
cent or less.

Setting all the point-source loadings to
advanced treatment (2 mg/L of ammonia-nitrogen
and 10 mg/L of 5-day biochemical oxygen demand)
decreased the total ultimate oxygen demand loading
to the system by 78 percent and decreased the 1-day
mean dissolved-oxygen concentrations from the no-
load condition by 8.1 percent or less. Setting all the
point-source loadings to reclaimed-use treatment
(0.5 mg/L of ammonia-nitrogen and 5 mg/L of 5-
day biochemical oxygen demand) decreased the
total ultimate oxygen demand loading to the system
by 91 percent and decreased the 1-day mean dis-
solved-oxygen concentrations from the no-load con-
dition by 5.2 percent or less.

Abstract 1



INTRODUCTION

The Ashley River is a tidally affected river that

is a major tributary to the Charleston Harbor, which is
~ located near the middle of the South Carolina coast

(fig. 1). The Ashley River is a tidal slough that
extends approximately 30 miles (mi) from the penin-
sula of Charleston to Cypress Swamp. The water
quality of Charleston Harbor and its tributaries is
increasingly being stressed by point-source (municipal
and industrial wastewater effluent) and nonpoint-
source pollutant loadings. As the Charleston area con-
tinues to grow, demands on its water resources
increasingly conflict. The Harbor and its tributaries
are important economic, natural habitat, and aesthetic
resources. Residential development continues to grow
along much of the Ashley River, and industrial and
commercial facilities are located along the east bank
of the lower reaches of the river. The tributary rivers
and tidal creeks also are critical fisheries habitats. In
addition, the recreational use of these coastal waters is
essential to the growing tourism and retirement com-
munities of the Charleston area and the South Carolina
coast

In May 1992, the U.S. Geological Survey
(USGS), in cooperation with the South Carolina
Department of Health and Environmental Control
(SCDHEC), Office of Ocean and Coastal Resource
Management, Charleston Harbor Project, initiated a
study to develop a computer simulation model of
water quality of the Ashley River. The simulation
model will advance understanding of the hydrologic
and chemical processes in the river and will allow
State water-resource managers, regulators, and others
to assess the effects of management decisions on the
water quality in the Ashley River.

Purpose and Scope

The purpose of this report is to present the
results of the application of the one-dimensional
dynamic flow model (BRANCH) and the one-dimen-
sional, dynamic Branched Lagrangian Transport
Model (BLTM) to the Ashley River. The modeling
effort was completed in two phases. The scope of the
first phase was to calibrate and validate the unsteady-
flow model (BRANCH) and the mass-transport model
(BLTM) to simulate the movement of a conservative
constituent (salinity) in the system. The scope of the
second phase was to calibrate and validate the water-

quality model (BLTM) to simulate the fate and trans-
port of non-conservative constituents such as nutri-
ents, biochemical oxygen demand (BOD), and
dissolved oxygen.

Previous Studies

There have been numerous environmental,
hydrologic, sedimentation, and modeling studies of
Charleston Harbor and the Ashley River. The comple-
tion of the Cooper River Rediversion Project in 1985
significantly altered the hydrologic conditions of the
Cooper, Wando, and Ashley Rivers and Charleston
Harbor (Kjerfve, 1976; Kjerfve and Magill, 1990). In
1987, the Marine Resources Division of the South
Carolina Wildlife and Marine Resources Department
initiated a comprehensive assessment of the Charles-
ton Harbor estuary. Results of the study showed that
sampling stations in the upper Ashley River had sig-
nificantly lower dissolved-oxygen concentrations and
higher nutrient levels than stations in the harbor and
other tributary rivers (Van Dolah and others, 1990).
The SCDHEC analyzed monthly monitoring data col-
lected during 1974-87 from Charleston Harbor and the
three tributary rivers. The data indicated increasing
temporal trends of dissolved oxygen, ammonia, total
Kjeldahl nitrogen, and total phosphorus, and decreas-
ing trends of 5-day biochemical oxygen demand
(BOD:y), nitrite plus nitrate, and fecal coliform in the
Ashley River (Chestnut, 1989).

Chigges and others (1989) investigated non-
point source loadings to the Ashley River during three
storm events. The Ashley River at Bacon Bridge and
five creeks were sampled for nutrients, BODs, and
trace elements. Brickyard Creek (fig 2.), which drains
a watershed of fairly high industrial/commercial den-
sity and moderate residential density, had the highest
concentrations of BODs and ultimate BOD (BOD,),
with BODs concentrations as high as 37.0 milligrams
per liter (mg/L). Ammonia and total Kjeldahl nitrogen
concentrations during the three storms were higher in
Dorchester, Eagle, Church, and Brickyard Creeks,
which drain more developed watersheds, than in Pop-
perdam Creek and the Ashley River at Bacon Bridge,
which drain less developed watersheds (fig. 2). Blood
and others (1995) applied rainfall-runoff models to the
Ashley River Basin and estimated that 48 percent of
the annual inorganic nitrogen load to the Ashley River
is from nonpoint-source runoff (E.R. Blood, oral com-
mun., September 4, 1997).

2  Simulation of Temperature, Nutrients, Biochemical Oxygen Demand, and Dissolved Oxygen in the Ashley River near
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Approach

Dissolved-oxygen concentration is one of the
primary water-quality constituents and is used as an
indicator of the ecological health of a waterbody. The
ability to simulate the concentration of dissolved oxy-
gen is necessary for water-resource managers to assess
the effects of point- and nonpoint-source pollution on
a waterbody. The models described in this report can
be used by water-resource managers to determine the
assimilative capacity of the Ashley River. The capac-
ity of a stream to assimilate oxygen-demanding sub-
stances is a function of streamflow, temperature,
velocity, wind speed, depth, and channel configura-
tion. In terms of water-resource management, this
capacity or loading is expressed in terms of pounds per
day of ultimate oxygen demand (UOD) that can be
assimilated during a particular set of hydrologic condi-
tions without violating the State water-quality stan-
dards for dissolved oxygen.

To maximize the usefulness of the information
obtained from the model, the decision was made that
the model selected for this study would have to be
readily available and usable by water-resource manag-
ers to determine the assimilative capacity of the Ash-
ley River. A one-dimensional dynamic-flow model
and a one-dimensional dynamic transport and water-
quality model were applied to the system. The
dynamic-flow model, BRANCH, was used to generate
the required-hydraulic data for input into the BLTM,
which was used to simulate constituent transport.

The general approach to applying the models
was to calibrate and validate the hydraulic and mass-
transport models by first simulating the movement of a
conservative constituent, which is not affected by bio-
logical degradation or chemical reaction but is
affected by dilution in response to changing stream-
flow conditions. Salinity is a conservative constituent
and is an effective natural tracer for calibrating and
validating mass transport in the Ashley River. After
successfully calibrating and validating the model for
the mass transport of a conservative constituent
(salinity), the non-conservative constituents (nutrients
and dissolved oxygen) can be simulated. The concen-
tration of a non-conservative constituent may be
affected by biological degradation and chemical reac-
tion, as well as dilution in response to changing
streamflow conditions.

Several types of data were required for applica-
tion of the models. A large data-collection effort was
completed during 1992-95 (Conrads and others,

1997). The necessary data required to apply, cali-
brate, and validate the transport and water-quality
models included (1) continuous water level, specific
conductance, temperature, and dissolved-oxygen con-
centrations at the upstream and downstream bound-
aries and at an interior location; (2) tidal-cycle
measurements of streamflow and nutrient concentra-
tions at boundaries and selected interior locations; (3)
channel geometry; and (4) municipal and industrial
discharge-flow rates and effluent concentrations.

A successfully applied water-quality model of
the river system should yield nutrient and dissolved-
oxygen concentrations that agree closely with field
measurements of those parameters. The water-quality
model will be used to assist in the determination of
wasteload allocations and total maximum daily loads
(TMDL) that are based on National Pollutant Dis-
charge Elimination System (NPDES) permit limita-
tions for dissolved oxygen and BOD. Therefore,
emphasis during the calibration and validation pro-
cesses was placed on achieving satisfactory simula-
tions of dissolved oxygen and BOD.

Description of Study Area

The Ashley River is located in the lower Coastal
Plain physiographic province along the middle of the
South Carolina Coast (fig. 1). The river has a long his-
tory dating back to Native American settlements on
the upper Ashley River. In 1670, the first European
settlement at Albermarle Point was established just
north of present day Charleston. In 1680, the settle-
ment was moved to a location between the Cooper
and Ashley Rivers at Charles Town (prior to the estab-
lishment of Charleston). The introduction of rice cul-
tivation in the 1680’s significantly changed the area’s
economy. Rice dominated the economic and cultural
life of the area, and large plantations were established
along the river from the wealth generated by the rice
and indigo trade. Surveys and the mining of phos-
phate deposits along the river were performed to find a
source of inexpensive fertilizer to support the agricul-
tural activities of the area. Many historical sites from
these early periods, including Fort Dorchester, Magno-
lia Plantation and Garden, Middleton Plantation, and
Drayton Hall, are still maintained along the river (fig.
2) (Townsend and Brock, 1992).

The Ashley River is a tidal slough that drains
376,000 acres, including Wassamassaw and Cypress
Swamps, and Dorchester and Eagle Creeks (fig. 1).
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The drlainage basin is 12.6 percent urban, 4.1 percent
agricultural, 7.2 percent scrub or scrub land, 0.2 per-
cent barren land, 58.7 percent forested, 10.5 percent
forested wetland, 4.6 percent non-forested wetland,
and 2.1 percent water (South Carolina Land Resources
Conservation Commission, 1990; South Carolina
Department of Health and Environmental Control,
1996). Two major tributaries to the Ashley River,
Dorchester and Eagle Creeks, drain a major urban
watershed of 24,300 acres, which includes the town of
Summerville. Many other smaller tidal creeks drain
smaller watersheds. The banks of the river are domi-
nated by extensive Spartina alterniflora marshes.

Charleston Harbor experiences semi-diurnal
tides with mean- and spring-tidal ranges of 5.09 and
5.90 feet (ft), respectively, at the harbor entrance at
Fort Sumter (fig. 2). The tidal ranges of the Ashley
River are amplified as they progress upstream. The
mean- and spring-tidal ranges at James Island Creek,
near the confluence with Charleston Harbor, are 5.36
and 6.27 fi, respectively. As the tide progresses
upstream, the mean- and spring-tidal ranges increase
to 6.06 and 7.03 ft, respectively, at Gregg Landing (fig.
1). Farther upstream at Bacon Bridge, the tide ranges
attenuate and the mean- and spring-tidal ranges are
1.94 and 2.25 ft, respectively (National Oceanic and
Atmospheric Administration, 1995).

The extent of saltwater intrusion on the Ashley
River varies greatly with the hydrologic conditions in
the basin. During extremely dry periods with little
freshwater draining from Cypress Swamp (fig. 1), salt-
water extends through most of the Ashley River. Dur-
ing periods of heavy precipitation, saltwater can be
limited to the lower reaches of the river below Drayton
Hall (fig. 2). '

The SCDHEC has classified the Ashley River
from Hurricane Branch to Bacon Bridge as freshwater
(FW) and the reach from Bacon Bridge to Charleston
Harbor as tidal saltwater (SA). Most of the river has a
dissolved-oxygen water-quality standard of a daily
average of not less than 5.0 mg/L with a minimum of
4.0 mg/L. The reach from Church Creek to Orange-
grove Creek is the exception with a dissolved-oxygen
water-quality standard of not less than 4 mg/L (South
Carolina Department of Health and Environmental
Control, 1996).

Currently (1998), there are nine industries and
seven municipalities that are permitted to discharge to
the Ashley River (nine industries and five municipali-
ties within the study area from Bacon Bridge to S.C.

Highway 17). Four municipal discharges (three
within the study area) are considered major facilities
with flows in excess of 1.0 million gallons per day
(Mgal/d). The NPDES permit limits for wastewater-
treatment facilities are listed in table 1 and the loca-
tions are shown in fig. 3.
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DATA COLLECTION

Data collected for this study included (1) contin-
uous water level, specific conductance, temperature,
and dissolved-oxygen concentrations at three gaging
stations; (2) tidal-cycle streamflow measurements at
four stations; (3) tidal-cycle nutrient sampling at six
locations; (4) longitudinal profiles during high- and
low-slack tides of specific conductance, water temper-
ature, and dissolved-oxygen concentration; (5) meteo-
rological data; (6) effluent concentrations and
discharge data from the municipal and industrial facil-
ities; and (7) channel geometry. Permitted wastewa-
ter-discharge data from treatment plants and monthly
water-quality monitoring data were provided by the
SCDHEC.
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Table 1. National Pollutant Discharge Elimination System permit limits for wastewater-treatment facilities on the Ashley
River and its tributaries, South Carolina.

[Mgal/d, million gallons per day; BODs, 5-day biochemical oxygen demand: NH,-N, ammonia-nitrogen; DO, dissolved
oxygen; UOD, ultimate oxK/?en demand; mdg/L, milligrams per liter; Ib/d, pounds per day; [20], not limited on permit—value
used in UOD calculation; M/R, monitor and report; --, not applicable; max, maximum]

Site Receiving Effluent BOD; NH3-N Do uobD

(fig. 3) waters (Mgal/d) (mg/L) (mg/L) (mg/L) (Ib/d)
1 Ashley River 6.0 25 15 5 3,592
2 Ashley River 0.238 30 15.2 5 227
23 Coosaw Creek 2.0 30 10 5 1,513
4 Ashley River 0.014 30 [20] 2 16
35 Sawpit Creek M/R 20 - - -
46 Tributary to Ash- MR - - - -

ley River

7 Church Creek 1.5 25 2.8 5 629
4g Ashley River MR 20 - - -
49 Brickyard Creek MR - - - -
40 Brickyard Creek MR 10 - 1 -~
4 Brickyard Creek M/R - - - -
412 Ashley River M/R - - - -
43 Ashley River M/R 10 - - -
414 Ashley River M/R 10 - - -
45 Ashley River 0.049 - - - -
516 Ashley River 270 30 20 1 30,700

517 Ashley River 0.03 10 6 5 10.6
618 Popperdam Creek 0.8 max 30 [20] 5 910

Total permitted UOD for the Ashley River system 37,600

! Permit reduced to 1,601 lb/d UOD, effective October 1995.
2 Permit reduced to 903 Ib/d UOD, effective October 1993.

3 Permit inactive as of March 27, 1996. ‘
4 Not used in total UOD computation.

3 Facility outside of model domain.

6 Permit inactive as of October 6, 1995.
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Ashley River and its tributaries, South Carolina.
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Continuous Water-Level and Water-
Quality Data

Water level, specific conductance, water temper-
ature, and dissolved-oxygen data were recorded at 15-
minute intervals by automated data-collection plat-
forms. Water-level gages used stilling wells with a
float-counterweight system interfaced to shaft encod-
ers. The datum for each gaging station was deter-
mined by surveys from established benchmarks. The
water-quality probes were interfaced with USGS
water-quality minimonitors. At station 02172081 (fig.
2, table 2), water-quality probes were set at the mid-
depth of the water column. To monitor possible strati-
fication in the lower reaches of the Ashley River, two
stations (stations 021720869 and 02172090) were
instrumented with probes near the top and near the
bottom of the water column. Salinity concentrations
. were calculated from specific conductance data using
the algorithms described by Miller and others (1988).

Streamflow and Discharge Data
Streamflow and discharge data for the calibra-

tion and validation of the hydraulic model were
obtained from field measurements in subreaches of the

study area. During the sampling periods, point-source

discharge data were obtained from the monthly Dis-
charge Monitoring Reports submitted by the NPDES
permit holders to the SCDHEC (N.R. Sullins, South
Carolina Department of Health and Environmental
Control, electronic commun., 1997). Streamflows
were measured by USGS personnel from bridges and
boats at four locations in the study area. Although an
attempt was made to measure flow over a complete
flood- and ebb-tidai cycle, most measurements cov-
ered a 10-hour period. Maximum positive or negative
streamflows were measured in most cases. Positive
flow is in the seaward direction. Streamflows of the
Ashley River were measured at four locations on July
28 and September 25, 1992 (fig. 4, table 2).

At bridge sites and where a cable could be
stretched across the channel, multiple passes were
made across the river to obtain depth and velocities at
fixed locations in the cross sections. These depth and
velocity readings were then interpolated at a uniform
time interval of 15 minutes and flows were computed
for each time interval at each fixed location. The total
flow for each measurement was computed by sum-

ming all of the flows at the fixed location for each time
interval.

Water-Quality Sampling

During 1992 and 1993, samples for nutrients,
suspended sediment, and BOD analyses were: col-
lected in four surveys (Conrads and others, 1997).
Samples were collected for stations 02172081 to
02172090, on July 28 and September 25, 1992.
Depth-integrated samples were collected at six sta-
tions during a 12-hour tidal cycle at high- and low-
slack tides and at maximum flood and ebb tides (fig. 4,
table 2). Nutrient concentrations were determined by
the USGS Water-Quality Service Unit in Ocala, Fla.

The lower reaches of the Ashley River, from
station 021720869 to 02172090, were sampled in May
and August of 1993 in cooperation with the SCDHEC
as part of nutrient-sampling surveys of Charleston
Harbor and the lower reaches of the Harbor’s three
tributary rivers. Discrete top and bottom samples
were collected at three sites on the Ashley River dur-
ing high- and low-slack tides (fig. 4, table 2). During
the first synoptic sampling period, May 4-5, 1993,
samples were collected during five slack tides over 2
days. During the second synoptic sampling period,
August 23-25, 1993, samples were collected during
five slack tides over 3 days. Samples wer: analyzed in
the SCDHEC laboratory in Columbia, S.C., for total
ammonia nitrogen, total Kjeldahl nitrogen, total phos-
phorus, dissolved orthophosphorus, and chlorophyli-a.
For the 1992 and 1993 sampling surveys, total sus-
pended solids was determined by the USGS sediment
laboratory in Tuscaloosa, Ala. Ultimate carbonaceous
biochemical oxygen demand (CBOD,)) and 30-day
carbonaceous biochemical oxygen demand (CBOD3;)
were determined by USGS personnel using a nitrogen
inhibitor.

Ancillary Data

Data were also collected for longitudinal high-
and low-slack tide profiles, special studies, and chan-
nel geometry. In the fall of 1993, eight longitudinal
high- and low-slack tide profiles of the Ashley River
were collected by obtaining field measurements of
specific conductance, temperature, and dissolved-oxy-
gen concentration at the six nutrient sampling sites.
Sampling began at the most downstream station and
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Table 2. Streamflow, continuous water-level, and water-quality sampling stations on the Ashley
River, South Carolina, and properties monitored

L\{Vl]. water level; T, temperature; DO, dissolved oxygen; SC, specific conductance; na, not applica-
e

Station
Number Name River  Constituents STORET
(fig. 2) mile number!
2,302172081 Ashley River at Cooke Crossroads 279 WL, T, DO, SC CSTL-102
302172083 Ashley River at Middleton Plantation  20.1 na na
2302172083 Ashley River at Middleton Plantation ~ 20.1 na na
234021720869 Ashley River near North Charleston 9.8 WL, T4, DO%, MD-767
sc*

302172088 Ashley River at S.C. Highway 7 7.1 na MD-135
23402172090 Ashley River at Charleston 2.2 WL, T4, DO%, MD-768

sct

1 U.S. Environmental Protection Agency STORET (STOrage and RETrieval) station number.

2 Streamflow measurement stations.
3 Water-quality sampling stations.
4 Near top and near bottom probes.

progressed upstream with the slack tide. Longitudinal
sampling was done on October 15 and 25; November
1, 8, 15, 22, and 30; and December 12, 1993.

A network of monthly monitoring stations
throughout South Carolina is maintained by the SCD-
HEC (South Carolina Department of Health and Envi-
ronmental Control, 1996). In addition to monthly
monitoring, special studies are performed by the SCD-
HEC to evaluate particular environmental concerns.
These data were retrieved and incorporated as needed
into the study.

Channel-geometry data were collected at
selected locations on the Ashley River by USGS per-
sonnel. Additional channel-geometry data below the I-
526 bridge were obtained from National Oceanic and

Atmospheric Administration nautical charts (National
Oceanic and Atmospheric Administration, 1992a).

SIMULATION OF WATER LEVEL,
STREAMFLOW, AND MASS TRANSPORT

Simulations of the fate and transport of nutrients
and dissolved oxygen in the Ashley River require
accurate simulations of water level, streamflow, and
mass transport in the system. The one-dimensional,
dynamic-flow model (BRANCH) was used to simulate
the hydraulic properties within the system. Because
BRANCH does not simulate mass transport, it was
necessary to use a one-dimensional, dynamic-transport
model (BLTM) to simulate the mass transport of salin-
ity, nutrients, BOD, and dissolved oxygen.
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Water Level and Streamflow

The BRANCH model is a one-dimensional,
dynamic flow computer model for simulation of
streamflow in interconnected channels (Schaffranek
and others, 1981). The model solves the one-dimen-
sional equations of continuity and motion:

0Z 00 _
B-a—-+5;—q-0, 1M

2
00,8(BQ°/4) 0z gk o
e st ER00-a @

—éBCU:cos a=0,

where
B is the total channel top width, in feet;
Z is the stage, in feet;
t is the time, in seconds;

Q is the discharge, in cubic feet per second;

x is the longitudinal distance along the channel,
in feet;

q is the lateral side-channel flow, in cubic feet
per second, per foot;

B is the dimensionless momentum coefficient;

A is the cross-sectional area, in square feet;

g is the gravitational acceleration constant, in
feet per second per second;

k is a function defining flow-resistance;

R is the hydraulic radius, in feet;

u' is the x-component of the lateral side-channel
flow velocity, in feet per second;

€ is the dimensionless wind resistance
coefficient;

B, is the top width of the conveyance part of the
cross section, in feet; and
U, is the wind velocity in feet per second, occur-

ring at an angle a from the positive x-axis.

The flow-resistance function is expressed as
k=Mm/1 486)%, where eta is a flow-resistance coeffi-
cient.

In the derivation of equations 1 and 2, it is
assumed that the fluid is homogeneous in density. The
channel is assumed to (1) be reasonably straight, (2)
have a simple cross-sectional geometry, such as a rect-

angular or trapezoidal shape, and (3) have a mild and
reasonably constant bottom slope. Approximate solu-
tions for the nonlinear partial-differential unsteady-
flow equations are obtained by finite-difference tech-
niques (Schaffranek and others, 1981). A weighted
four-point finite-difference approximation is used in
the BRANCH model.

In the model, rivers are represented as a series
of cross sections and channel lengths, which define
segments, junctions, and branches. Channel-geometry
data that characterize the conveyance, area, width, and
storage capacity at each cross section are input into the
model. A segment is defined by an upstream and a
downstream cross section and the distance between
them. A group of segments separated by junctions is
called a branch. The beginning or ending junctions of
a branch with no continuing branches are known as
external boundaries. Water-level or streamflow data
are input at the external boundaries as boundary condi-
tions for the model. All other water levels and stream-
flows are computed at cross sections. An idealized
BRANCH network model schematization is shown in
figure 5.

Although there are inherent limitations to apply-
ing a one-dimensional model to a highly complex,
three-dimensional estuarine system, the BRANCH
model has been successfully applied to other estuarine
systems, and is appropriate to apply to the Ashley
River. Some reaches of the Ashley River are partially
stratified; however, there is very little stratification for
extended periods. The complex channel geometry of
tidal marshes and old rice fields can be simplified in
BRANCH as large storage areas that fill and drain
with each tidal cycle. BRANCH, unlike some other
riverine models, can simulate the converging and
branching of interconnected channels. Bower and oth-
ers (1993) applied the model to the Cooper River and
Bushy Park Reservoir, S.C., to analyze retention times
in the riverine reservoir. Weiss and others (1994)
applied the BRANCH and BLTM models to the tidal
Hudson River in New York to simulate streamflow and
chloride transport. Drewes and Conrads (1995)
applied the BRANCH and BLTM models to the Wac-
camaw and Pee Dee Rivers and the Atlantic Intrac-
oastal Waterway in South Carolina to determine the
assimilative capacity of the system. Conrads and
Smith (1996, 1997) applied the BRANCH and BLTM
models to the Cooper and Wando Rivers in South
Carolina to evaluate various point-source loading sce-
narios.
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Mass Transport

The BLTM was used to simulate mass transport
in the Ashley River. The BLTM solves the convec-
tive-dispersion equation by using a Lagrangian-refer-
ence frame in which the computational nodes move
with the flow (Jobson and Schoelhamer, 1987). In the
Lagrangian-reference frame, the continuity of mass
equation is:

oC _ 0|, .aC __'
= ag[ % ]+s+q>+1<(c CR), (3)

where
C is the concentration, in milligrams per liter;
t is time, in seconds;
£ is the Lagrangian-distance coordinate, in feet;

D is the longitudinal dispersion coefficient, in
square feet per second,;

S is the rate of production of the concentration,
which is independent of the concentration
(zero-order production rate), in milligrams
per liter per second;

- @ is the rate of change in concentratior due to
tributary inflow, in milligrams per liter per
second;

K is the rate of production of the constituent, in
per second; and,

CR is the equilibrium concentration (that is, the
concentration at which the internal produc-
tion ceases), in milligrams per liter.

The Lagrangian-distance coordinate, &, is given by

£ = x—xo—j; u dt, 4)

where
x is the Eulerian (stationary) distance coordinate
along the river, in feet;
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x, is the location of the parcel of water at time ty;
and,
u is the cross-sectional mean stream velocity, in
feet per second.

The BLTM uses a dimensionless dispersion fac-
tor in the Lagrangian transport solutions. The disper-
sion factor is inversely proportional to the square of the
stream velocity. The factor is defined as:

D
D,= — , 5

where
Dy is dispersion factor, dimensionless;
D is dispersion rate, in square feet per second;
At is simulation time step, in seconds; and

p is the representative stream velocity, in feet per

second.

The advantage of the Lagrangian-reference
frame, especially in a mesotidal environment such as
the Ashley River, is that there is minimal numerical
dispersion. The BLTM assumes that parcels of water
are completely mixed and that volumes are affected
only by tributary flows. The variation of concentra-
tions in space and time in a river reach is approxi-
mated by solving equation 3 for a series of parcels
spaced along the river at intervals approximately equal
to puAtr. The resulting concentration at any point is the
concentration of the parcel at that location. The
assumption of completely mixed parcels may cause
interpolation errors when determining the concentra-
tion at a given point. The accuracy of a Lagrangian
model, as compared to an Eulerian model, is that this
interpolation error applies only to the output computa-
tions. The grid concentration is not used in further
computations, and therefore, the error is not com-
pounded. In an Eulerian model, similar interpolation
errors are made at every time-step, and grid concentra-
tions are used as the basis for all further computations,
resulting in compounding errors (Jobson, 1981). In
BLTM, some numerical dispersion is introduced into
the solution scheme at internal junctions.

The advantages of the Lagrangian approach, as
outlined above, are (1) the scheme is more accurate in
modeling the convection and dispersion terms than the
Eulerian approach (Jobson, 1980; Thomson and oth-
ers, 1984), and (2) the Lagrangian model is stable for
any time-step (Jobson, 1981).

Schematization of Models

The BRANCH model for the Ashley River was
schematized using 6 branches, 5 internal junctions, 24
cross sections, and 2 external boundaries (fig. 6). The
BLTM for the Ashley River is schematized using 2
branches, 2 external boundaries, and 1 internal junc-
tion (figs. 6, 7). In the schematization of the BLTM
(fig. 7), internal junctions 1, 2, 4, and 5 in the
BRANCH model schematization were removed to
minimize numerical dispersion.

Numerical instability was observed in the model
near the upper boundary. The instability can be attrib-
uted to the large difference in streamflows between
these upper reaches and lower reaches (200 to 100,000
ft’/s, respectively). Variables in the model that had the
greatest effect in controlling the numerical instability
were the streamflow convergence criterion (QQTOL),
water-level convergence criterion (ZZTOL), finite-dif-
ference weighting factor for the spatial derivatives
(THETA), and the finite-difference weighting factor
for function values in the equation of motion (CHI).
These variables were set to the following values: 200
ft®/s; 0.10 ft; 1.00; and 0.70, respectively.

The model was tested for convergence to deter-
mine the optimum simulation time-step and space-step
(the distance between cross sections) for the simula-
tions. A finite-difference solution to the partial-differ-
ential governing equations is convergent if the
numerical solution approaches the true solution of the
differential equation as the numerical time-step and
space-step are decreased (Smith, 1985). Convergence
can be tested by repeated simulations of the model
with a fixed set of boundary conditions for succes-
sively smaller computational time-steps and space-
steps. The model is convergent if no further change in
the model results is observed as the time-step and
space-step are refined (Thompson, 1992).

Model simulations were generated for succes-
sively smaller computational time-steps of 60, 30, 15,
and 7.5 minutes. Significant differences in model
results occurred between the 60- and 30-minute time-
steps and between the 30- and 15-minute time-steps.
The differences between the 15- and 7.5-minute time-
steps were considered insignificant. Therefore, a 15-
minute time-step was used in the model. Cross sec-
tions defining the system were spaced at approxi-
mately 4-, 2-, and 1-mi intervals. No significant
differences in the model results were observed. A
space-step of 1 to 2 mi was used in the model.
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a) BRANCH Model b) Branched Lagrangian Transport

Schematization Model Schematization
02172081
Bacon Bridge
Branch 1
Branch 2 Branch 1
02172083
Middleton Plantation
Branch 3
02172085 1
Drayton Hall
Branch 4 -1
021720869
1-526 Bridge -1
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——
02172088 -
S.C. Highway 7 Bridge 'T' EXPLANATION
Branch 6 i E] EXTERNAL BOUNDARY
- AND CROSS SEGTION
@ INTERNAL JUNCTION
02172090 3 AND CROSS SECTION
U.S. Highway 17 Bridge CROSS SECTION
®

Figure 6. BRANCH model (a) and Branched Lagrangian Transport Model (b) schematizations
for the Ashley River, South Carolina.
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for the Ashley River, South Carolina.
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Calibration and Validation of Water Level,
Streamflow, and Mass Transport

Measured water-level, streamflow, and salinity
data collected during the summer and fall of 1992 and
longitudinal salinity profiles collected during the fall
of 1993 were used to calibrate and validate the
"~ BRANCH and BLTM models. Calibration was
accomplished by adjusting flow-resistance coeffi-
cients, gage datums, cross-sectional areas, storage vol-
umes, and dispersion-rate model parameters until
simulated and measured (or calculated) values agreed.
Because the model will ultimately be used to simulate
the fate and transport of conservative and non-conser-
vative constituents, emphasis was placed on the salin-
ity-transport simulations during the calibration and
validation. The models were validated using mea-
sured data different from those used for calibration.
The parameters used to calibrate the hydraulic and
mass-transport models were not changed in the valida-
tion process. To be consistent with the calibration and
validation periods used for the water-quality models,
September 1992 was used for calibration and July
1992 was used for validation.

Results of the flow-model calibration and vali-
dation are presented in hydrographs of simulated and
measured water level and streamflow; results of the
transport model are presented as time series of simu-
lated and calculated salinity. Summary statistics were
generated to quantify the error of the calibration and
validation simulations and are presented in tabular
form. Summary statistics for water-level simulations
include timing error, mean of the residuals, and the
standard deviation of the residuals. Quite often, the
model simulates the shape of a plot of the measured
data but has a timing error where the data are simu-
lated earlier or later than the measured data. The tim-
ing error was computed by correlating measured
values with the simulated values offset forward or
backwards in time. The time period having the high-
est correlation coefficient was assumed to be the tim-
ing error of the simulation. The mean and standard
deviation of the residuals were computed after the
adjustment for the timing error. An adjustment was
made for the timing error, because modeled results
that maintain the shape of the plotted measured data
are acceptable, even with moderate timing errors. The
mean of the residuals is a measure of the bias of the
simulation, and is an indication of how much higher or
lower the simulated values were relative to the mea-
sured values. The standard deviation of the residuals

is a measure of the scatter of the residuals about the
mean of the residuals.

For the streamflow simulations, the timing error
was computed by the same method used for the water-
level simulations. After correcting the simulations for
the timing error, an index of the mean of the residuals
(given as a percentage) was computed by multiplying
100 times the mean of the residuals divided by the
mean of the absolute values of the measured stream-
flows. Normally, percent residuals can be scaled by
using logarithms of streamflows, but logarithms can-
not be used for negative streamflows. Percent residu-
als also could be scaled by the mean streamflow, but
the mean for tidal streamflows is often zero or near
zero. Therefore, the mean of the absolute values of the
streamflows was used to give an indication of the mag-
nitude of streamflows being measured at the location
of the simulation. The index is not a true percentage,
because it will not be representative throughout the
ranges of streamflows of the simulations (especially
when those values are low or pass through zero as the
streamflow reverses). However, the index of the mean
of the residuals does indicate whether the model is
over- or under-simulating the measured streamflow
and is a usable index for comparing simulations at one
station and between stations. An index of the standard
deviation of the residuals (also given as a percentage)
was computed by multiplying 100 times the standard
deviation of the residuals divided by the mean of the
absolute values of the measured streamflow. As with
the index of the mean of the residuals, the index is not
a true percentage but is a useful indicator of the scatter
of the simulations.

The mean value should be considered in evalu-
ating the magnitude of the indices of the mean or stan-
dard deviation of the residuals. For example, a large
value for the index of the mean of the residuals for a
small mean streamflow does not have the same effect
on the transport in the main stem as an identical index
associated with a large mean streamflow. The mean
absolute values of measured streamflow also are listed
with the statistical summaries.

For the salinity simulations, indices of mean
residuals and the standard deviation of residuals were
computed by the same method used for streamflow
simulations, except that it was unnecessary to take the
absolute values of the calculated salinities. The mean
values of measured calculated salinities also are listed
with the statistical summaries.
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The widths of the storage areas adjacent to the
Ashley River were varied to calibrate the hydraulic
model. The Ashley River is characterized by extensive
Spartina alterniflora marshes with meandering tidal
creeks that extend for several miles. During every
flood tide, these creeks and marshes are inundated
with a few feet of water that drains into the river on the
subsequent ebb tide. To simulate this hydraulic fea-
ture, the “dead” storage function in the BRANCH
model was used. The BRANCH model routes water
into “dead” storage where water only moves laterally
into and out of storage and there is no net upstream or
downstream flow of water over the storage area.

A gage-height datum adjustment to the down-
stream boundary station (02172090) of -0.15 ft was
used to improve the salinity concentration simulations
(fig. 4). Without the datum adjustment, the transport
model would over predict the salinity concentrations
and under predict the tidal amplitude of the measured
salinity concentrations. The datum adjustment
increased the slope of the system and, therefore,
increased the amount of ebb tide (positive flow) and
decreased the amount of flood tide (negative flow). A
datum adjustment of -0.15 ft is an adjustment of
0.000001 foot per foot (ft/ft) over the length of the
modeled reach of the Ashley River. The -0.15 ft
datum adjustment to the downstream boundary had a
positive effect on the salinity transport, but with
adversely affecting the water-level and streamflow
simulations. At station 021720869, the water-level
simulations using the datum adjustment decreased the
height of the high- and low-slack tides by the amount
of the adjustment applied to the downstream station.

Comparisons of the simulated and measured
water levels at station 021720869 (fig. 8, table 3) show
that the model under predicted the water level for the
calibration and validation simulations. The mean of
the residuals of the water levels for both simulations
was -0.36 ft and the standard deviation of the residuals
was 0.18 and 0.17 fi, respectively. The timing errors
of the simulations were 15 minutes or less for the two
simulations.

For the calibration period (September 1992), the
simulated streamflows for the lower three stations
(02172085, 021720869, and 02172090) under pre-
dicted the peak streamflow, but compared more
closely with the measured streamflows than for the
upper station (02172081) (fig. 9, table 4). It is often
difficult to get satisfactory agreement between mea-
sured and simulated streamflows in tidal sloughs, such

as the Ashley River, when the streamflows vary by
two or more orders of magnitude between the
upstream and downstream boundaries. During model
calibration, emphasis was placed on producing accu-
rate simulations of the large volume of water
exchanged on every tidal cycle through the middle and
lower reaches of the Ashley River. At the upper
model boundary (station 02172081) (fig. 9a), the
shapes of the simulated and measured streamflow cali-
bration hydrographs did not agree as demonstrated by
the large index of the standard deviation of the residu-
als (93.7 percent) and by the magnitude of the simu-
lated and measured streamflows as seen in the index of
the mean of the residuals of -59.1 percent. The large
error in the index of standard deviation was acceptable
because of the low streamflows. These streamflows
are only a small percentage of streamflows elsewhere
in the study area. The streamflow calibration simula-
tions of the other three stations (02172085,
021720869, and 02172090) under predicted the mea-
sured streamflow by 1.0, 9.2, and 4.5 percent, respec-
tively (fig. 9b-d). The index of the standard deviation
of the residuals at the three sites ranged from 14.9 to
24.3 percent.

For the validation period (July 1992), the simu-
lated streamflows for the lower two stations
(021720869 and 02172090) compared more favorably
with the measured streamflows than for the upper two
stations (02172081 and 02172085) (fig.10, table 4).
At the upper model boundary (station 02172081) (fig.
10a), there was not favorable agreement between the
shapes of the simulated and measured streamflow vali-
dation hydrographs as seen in the large index of the
standard deviation of the residuals of 203 percent.
However, there was favorable agreement between the
magnitude of the simulated and measured streamflows
as seen by the low index of the mean of the residuals
of 2.3 percent. The streamflow validation simulations
of the other three stations (02172085, 021720869 and
02172090) under predicted the measured streamflow
by 4.8, 8.7, and 4.0 percent, respectively (fig. 10b-d).
The index of the standard deviation of the residuals at
the three sites ranged from 10.7 to 40.2 percent.

The calibration of the mass-transport model was
accomplished by a datum adjustment of -0.15 ft to the
downstream boundary station (02172090), as previ-
ously discussed with regards to the hydraulic model,
and by adjustments to the dispersion factor. In the
upper reaches of the Ashley River, where there are
meanders and debris within the channel, a dispersion
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Table 3. Summary of water-level calibration and validation simulations for station 021720869 on the
Ashley River, South Carolina

Date Number of Timing error? Mean of Standard
data points (minutes) residuals? deviation of
(feet) residuals
(feet)
Calibration
9/25/92 92 -15 -0.36 0.18
Validation
7/28/92 97 0 -.36 17

I Positive timing error means the simulated water-level time series occurred later than the measured
water-level time series.

2 Residual is computed by subtracting the measured water level from the simulated water level, after
adjusting the simulated water levels for timing errors.

Table 4. Summary of streamflow calibration and validation simulations for four locations on the Ashley River, South Carolina

[ft%/s, cubic feet per second]

Station Date Number of Timing Index of the Index of the Mean
(fig. 4) data points error! mean of the mean of the absolute
(minutes) residuals? standard measured
(percent) deviation streamflow
residuals®
(percent)
Calibration
02172081 9/25/92 44 -75 -59.1 93.7 431
02172085 9/25/92 46 0 -1.0 243 13,100
021720869 9/25/92 49 -45 -9.2 18.8 25,800
02172090 9/25/92 43 -15 4.5 149 55,300
Validation
02172081 7/30/92 48 15 23 203 93.9
02172085 7/30/92 48 -15 4.8 40.2 8,670
021720869 7/30/92 51 0 -8.7 16.8 17,100
02172090 7/30/92 4 0 -4.0 10.7 45,200

! Positive timing error means the simulated streamflows occurred later than the measured streamflows.

2 Percentage of the mean of the residual is computed by dividing the mean of the streamflow residual by the mean absolute
measured streamflow, after adjusting the simulated streamflows for timing errors.

3 Percentage of the standard deviation of the residuals is computed by dividing the standard deviation of the streamflow residuals
by the mean absolute measured streamflow, after adjusting the simulated streamflows for timing errors.
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on the Ashley River, South Carolina, July 28, 1992.
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factor of 1.25 was used. The dispersion factor was
decreased to 0.50 for the lower reaches of the model.
The simulated and measured salinity values compare
favorably for the calibration and validation periods for
station 021720869 (fig. 11, table 5). The model
slightly over simulated the salinity concentrations as
seen in the low, but positive, index of the mean of the
residuals of less than 6 percent for all four simulations.
For the calibration and validation periods, the simu-
lated salinity time series did not have the amplitude of
the measured salinity concentrations. The calibration
simulations had a timing error of 1 hour. The three
validation simulations had timing errors of 1 hour or
less.

In addition to the validation simulation of July
30, 1992, two periods from the fall and winter of 1993

were simulated to incorporate the periods when the
high- and low-slack tide longitudinal salinity profiles
were measured (figs. 12, 13; table 5). These simula-
tions are particularly useful in evaluating the perfor-
mance of the mass-transport model in the vicinity of
Middleton Plantation (station 02172083, fig. 4).
Although continuous measured salinity concentrations
are not available at this station, the comparison of
high- and low-slack tide concentrations with simulated
values shows that the model is adequately simulating
the mass transport in this reach of the model (figs. 12a,
13a). Overall, the model simulations of water levels,
streamflows, and salinity concentrations are satisfac-
tory for the purposes of this study.

Table 5. Summary of salinity calibration and validation simulations for station 021720869 on the

Ashley River, S.C.
[ppt, parts per thousand]

Date Number of Timing Index of the Index of the Mean
data points error! meanofthe meanofthe  measured
(minutes) residuals? standard salinity
(percent) deviation of (ppt)
the
residuals®
(percent)
Calibration
9/24-26/92 70 60 33 18.3 9.3
Validation
7/28-8/3/92 152 0 54 9.0 14.9
10/1-15/93 311 60 42 3.6 20.0
11/15-12/15/93 743 60 22 6.0 19.6

I' Positive timing error means the simulated salinity time series occurred later than the calculated salinity time

series.

2 Percentage of the mean of the residual is computed by dividing the mean of the simulated salinity residual by the

mean measured salinity, after adjusting for timing errors.

3 Percentage of the standard deviation of the residuals is computed by dividing the standard deviation of the
simulated salinity residuals by the mean measured salinity, after adjusting for timing errors.
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Sensitivity Analysis

The sensitivities of the simulated water level,
streamflow, and salinity concentrations to changes in
downstream gage datum, cross-sectional area, and
flow-resistance coefficient in the BRANCH model,
and the sensitivity of the simulated salinity to changes
in dispersion factors in the BLTM were analyzed. The
models were used to simulate water level, streamflow,
and salinity transport at station 021720869 during July
28-30, 1992.

The water-level simulations were most sensitive
to changes in the downstream gage datum (fig. 14a).
Lowering the downstream gage datum by 0.5 ft (from
-9.85 to -10.35 ft) decreased the high-slack tide on
July 28, 1992, from 2.47 to 1.97 ft and decreased the
low-slack tide from -2.71 to -3.29 ft. Water levels
were least sensitive to changes in cross-sectional area
(fig. 14c). A S0-percent increase or decrease in the
cross-sectional area throughout the model had very lit-
tle effect on the simulated water level (fig. 14c).

Whereas the water-level simulations were
insensitive to changes in the cross-sectional area,
streamflow simulations were sensitive to these
changes (fig. 14d). A 50-percent increase in the cross-
sectional area (equivalent to a 50-percent increase in
the volume of the model) increased the peak flood-
and ebb-tidal streamflow of July 29, 1992, from -
21,100 to -31,600 ft3/s and 17,900 to 26,800 ft*/s,
respectively. A 50-percent decrease in the cross-sec-
tional area decreased the peak flood- and ebb-tidal
streamflow from -21,100 to -10,500 ft*/s and 17,900 to
8,900 ft’/s, respectively. Streamflows also were sensi-
tive to changes in the flow-resistance coefficient (eta)
(fig. 14f). Increasing eta by 50 percent decreased the
peak flood- and ebb-tidal streamflows of July 29,
1992, from -21,100 to -16,000 ft*/s and 17,900 to
12,700 f3/s, respectively. Decreasing eta by 50 per-
cent increased the peak flood- and ebb-tidal stream-
flow from -21,100 to -26,400 ft*/s and 17,900 to
26,000 ft’/s, respectively. Raising or lowering the
downstream gage datum by 0.5 ft had little effect on
the simulated streamflow (fig. 14b).

The simulated salinity concentrations are sensi-
tive to changes in gage datum, flow-resistance coeffi-
cient, and dispersion factor, and relatively insensitive
to changes in cross-sectional area (fig. 15). An
increase of 0.5 ft in the downstream gage datum (from
-9.85 to -9.35 ft) increased the salinity concentrations,
especially the minimum concentrations (fig. 15a). The
mean salinity concentration for the 3-day simulation

(July 28-30, 1992) increased 6 percent (15.5 to 16.4

parts per thousand (ppt)). The standard deviation of
the simulated salinity concentrations decreased from
2.5t0 2.2 ppt. A decrease of 0.5 ft in the downstream
gage datum (from -9.85 to -10.35 ft) decreased the 3-
day mean salinity concentration by 6 percent (15.5 to
14.6 ppt) and the standard deviation increased from
2.5t0 2.8 ppt. A 50-percent increase or decrease in
the cross-sectional area had no significant effect on the
simulated salinity concentrations (fig. 15b).

The effects of a 50-percent change in the flow-
resistance coefficient on salinity concentrations were
calculated. A 50-percent decrease in eta increased the
flows through the system, decreased the 3-day mean
salinity concentration by 7 percent (15.5 to 14.4 ppt),
and increased the standard deviation from 2.5 to 3.6
ppt (fig. 15¢). A 50-percent increase in eta decreased
the flows in the system, increased the 3-day mean
salinity concentration by 3 percent (15.5 to 16.0 ppt),
and decreased the standard deviation from 2.5 to 1.9
ppt.

A 50-percent change in the dispersion factor had
a minimal effect on salinity concentrations. An
increase in the dispersion factor of 50 percent
increased the 3-day mean salinity concentration by 1
percent (15.5 to 15.7 ppt) and decreased the standard
deviation from 2.5 to 2.4 ppt (fig. 15d). A 50-percent
decrease in the dispersion factor decreased the 3-day
mean salinity concentration by 1 percent (15.5 to 15.3
ppt) and increased the standard deviation from 2.5 to
2.6 ppt.

SIMULATION OF TEMPERATURE, NUTRI-
ENTS, BIOCHEMICAL OXYGEN DEMAND,
AND DISSOLVED OXYGEN

The BLTM uses the water-quality reaction
kinetics used in the QUAL2E model to simulate the
fate and transport of nutrients, BOD, and dissolved
oxygen (Brown and Barnwell, 1987; Jobson and
Schoelhamer, 1987). The model can simulate up to 10
water-quality constituents that affect dissolved-oxygen
concentration dynamics. The model has the ability to
simulate multiple wastewater discharges, withdrawals,
tributary flows, and incremental inflows and out-
flows. A conceptualization of the constituents and
their interactions in the QUAL2E subroutine in the
BLTM model is shown in figure 16.

Simulation of Temperature, Nutrients, Biochemical Oxygen Demand, and Dissolved Oxygen 27



WATER LEVEL, IN FEET

WATER LEVEL, IN FEET

WATER LEVEL, IN FEET

6.00 LIS BN S SEE BN NN NEND Snat SNNN SN Rune Susn BN BEND ENNN NN BENN BNND MENN BN SEED NN oo FrFrYrTrerrer T T T T T T T T T T IrTrT
g
4.00
3 20000 - -
e}
»
2.00 E
o 10,000
o
0.00 w
[
[$] 0 —
@
-2.00 =1
o
Z -10,000 |- -
-4.00 z
g
-20,000 - -
-6.00 |- -1 E
DATUM OF DOWNSTREAM BOUNDARY NOT CHANGED 'E'E' DATUM OF DOWNSTREAM BOUNDARY NOT CHANGED
-8.00 |- DATUM -0.5 FOOT OF DOWNSTREAM BOUNDARY NOT CHANGED - @ -30,000 |- DATUM -0.5 FOOT OF DOWNSTREAM BOUNDARY NOT CHANGED by
s DATUM -0.5 FOOT OF DOWNSTREAM BOUNDARY NOT CHANGED e DATUM -0.5 FOOT OF DOWNSTREAM BOUNDARY NOT CHANGED
-10.00 11 JEE s v s S e SO M S S G S S A S S " s Sl -40,000 IR S S W s s gy S S S SO A S G WD DA S SOV SR S S
28 30 31 28 29 30 31
JULY 1992 JULY 1992
(c)
600 T TrT T T T T T T T T T T T T T T T 30,000 [ T T T T T T T T T T T T T 1
g
8 20,000
4.00
8 /1
T 10,000 -
£ 1
2.00 I
i 0 e
Q
2
0.00 3 -10.000 1
Z
z -20,000 -~
-2.00 S =
e
=
& -30,000 -
.4.00 ACTUAL CROSS-SECTIONAL AREA = ACTUAL CROSS-SECTIONAL AREA
' »
s 50% CROSS-SECTIONAL AREAS 40,000 || — 50% CROSS-SECTIONAL AREA —
e 160% CROSS-SECTIONAL AREA e 150% CROSS-SECTIONAL AREA
-6.00 L1 j I TR W TR TR T TN N T U W T Y WY T T T M 1 _50000llllllllllllllllllll
28 29 30 31 28 29 30 31
JULY 1992 JULY 1992
(e) (f)
6.00 1T T T T T T T T T T T T T T T 30,000 T T T T 7T T T T T T T T T
[=]
g B p
— 8 20,000
]
2 [
&
W 10,000 |- f
-
[
i
o ° ]
@
=1 =]
o
Z -10,000 —
]
- S )
S -20,000 |—
<
&
400 b ACTUAL ETA — = ACTUAL ETA
— SO%ETA @ 30,000 = 50% ETA ]
= IS ETA e 150% ETA
'6.00 L L 1 AL ) — i Il I} I 1 1 1 1 il L 1 1 1 111 _40’000 L 1 1 1 N 1 A1 1 1 L 1 1 1 L L 1 1 1 L 1 1
28 29 30 31 28 29 30 31
JULY 1992 JULY 1992

Figure 14. Sensitivity of water levels and streamflow to changes in gage datum (a and b), cross-sectional
area (c and d), and flow-resistance coefficient (e and f) for station 021720869 on the Ashley River,
South Carolina, July 28-30. 1992.

28  Simulation of Temperature, Nutrients, Biochemical Oxygen Demand, and Dissolved Oxygen in the Ashley River near
Charleston, South Carolina, 1992-95



SALINITY, IN PARTS PER THOUSAND

SALINITY, IN PARTS PER THOUSAND

16 -— g 16
£
14 : -1 o™
, I3
12 - &2
'S
(2]
10 p E 10
Q.
8 |- 4 z s} _
£
6 - — :Z: 6 - -
<
2 L ]
4 -1 o DATUM OF DOWNSTREAM BOUNDARY NOT CHANGED =1 raner  ACTUAL CROSS-SECTIONAL AREA
2 L wmemaenee DATUM -0.5 FOOT OF DC NOT . 2 - e 0% CROSS-SECTIONAL AREA .
e DATUM -0.6 FOOT OF DOWNSTREAM BOUNDARY NOT CHANGED e 150% CROSS-S8ECTIONAL AREA
° I I I N — .| 1 1 1 i 0 1 1 1 1 1 1 1 ]
28 29 30 31 28 29 30 31

JULY 1992

2
3
E
[+ 4
]
o
£
o
z 8| -
E
6 I~ 4 Z g -
3
»
4 - 4 = | —— AcTUAL DISPERSION FACTOR -ﬂ
—— ACTUALETA
e §0% DISPERSION FACTOR
> L 5% ETA _ 2 _
— ONETA ———— 150% DISPERSION FACTOR
0 | S| 1 1 i 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 i
28 29 30 31 28 29 30 31
JULY 1992 JULY 1992

Figure 15. Sensitivity of simulated salinity concentrations to changes in gage datum (a), cross-sectional area
(b) flow-resistance coefficient (c), and dispersion factor (d) for station 021720869 on the Ashiey River,
South Carolina, July 28-30, 1992 .
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The rates of most chemical and biological reac-
tions in the QUALZ2E subroutine are temperature
dependent; therefore, it is necessary to accurately sim-
ulate the water temperature of the system. The
QUALZE subroutine uses an equilibrium temperature
algorithm to simulate the water temperature (Jobson,
1977, 1980). The equilibrium temperature is defined
as the water temperature at which the net surface heat
exchange becomes zero. For example, a pool of water
would come to this temperature and remain at this
temperature as long as the meteorological conditions
(solar radiation, atmospheric radiation, wind speed, air
temperature, and relative humidity) remained con-
stant.

Applying the principle of conservation of ther-
mal energy to a one-dimensional open channel, the
conservation of temperature equation, in its
Lagrangian form, becomes:

2\ HW
ar. f—(Dxd—%J=C' - ©)
t X dx p P

where T is the cross-sectional average water tempera-
ture, t is time, U is stream velocity, x is the longitudi-
nal coordinate, D, is the longitudinal dispersion
coefficient, H, is the flux of thermal energy from the
air to the water, W is the top width of the channel, Cp
is the specific heat of water at constant pressure, p is
the density of water, and A is cross-sectional area.
The term on the right side of equation 6 represents the
rate of change of water temperature due to the
exchange of energy between the atmosphere and
water.

The simulation of temperature can be simplified
by determining the equilibrium temperature. It is eas-
ier, and often acceptable, to estimate the equilibrium
temperature than to measure all the necessary meteo-
rological inputs (solar radiation, atmospheric radia-
tion, wind speed, air temperature, and relative
humidity) necessary for a detailed heat budget. Time
series estimates of equilibrium temperature for the cal-
ibration and validation time periods were computed
using the program EQULTMP (Jobson, 1997). The
program uses inputs of daily extremes of air tempera-
ture (and their respective times) and average daily
wind speed to compute the equilibrium temperatures
for a specified timestep.

The QUALZ2E subroutine in BLTM simulates
the growth of phytoplankton, which is dependent on
the amount of available solar radiation. Time series
estimates of solar radiation were computed using the
program SOLAR (Jobson, 1997). Inputs for the pro-
gram include longitude, longitude of the local time
meridian, latitude, altitude of sunrise and sunset,
atmospheric pressure, coefficients in empirical equa-
tion to determine precipitable water content of the
atmosphere, cloud cover, and dew point.

A modified version of QUALZ2E kinetics in
BLTM was applied to the Ashley River, as well as to
the Cooper and Wando Rivers by Conrads and Smith
(1997). Modifications to the model include a loss fac-
tor (NO2L) for the oxidation of nitrite to nitrate,
source terms for BOD (CKS5) and organic nitrogen
(SIG6), and a settling term for dissolved phosphorus
(SIG7) (fig. 16). An additional reaeration algorithm
for estuarine environments that estimates reaeration as
a function of channel depth and wind speed was
added to the BLTM (Thomann and Fitzpatrick, 1982)
and evaluated for the Ashley River application.

Calibration and Validation of Water
Temperature

Temperature data collected during the summer
and fall of 1992, spring and summer of 1993, and lon-
gitudinal temperature profiles collected during the fall
of 1993 were used to calibrate and validate the temper-
ature model in BLTM. Data of daily high and daily
low air temperatures and wind speed from Charleston
Airport were used to estimate the necessary meteoro-
logical input data for each data set of wind speed,
equilibrium temperature, and solar radiation (National
Oceanic and Atmospheric Administration, 1992b;
1992¢; 1993a-g). Water-temperature simulations were
calibrated by adjusting the free convection and mass-
transfer coefficients in the wind function of the BLTM.

The simulated water temperature for the August
1993 and September 1992 calibration was generally
lower than the measured data. The simulated tempera-
tures for the August 1993 calibration period followed
the trend of the measured data but under simulated the
water-temperature by 1 or 2 degrees Celsius (°C) (fig
17a). For the September 1992 calibration period, the
simulated temperature did not follow the gradual rise
in the measured data between September 15-19, 1992,
but did follow the 3°C drop in temperatures between
September 24 -27, 1992 (fig. 17b).
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The simulated temperatures for the May 1993
calibration period (April 8 - May 8, 1993) followed
the trend of the measured data but under simulated the
water-temperature by 1 or 3 °C (fig 17¢). For the July
1992 validation, the simulated water temperatures
generally followed the trend of the measured tempera-
tures but under simulated the temperature by 1 or 2 °C
(fig. 174d).

In addition to the validation period of July 1992,
two periods from the fall and winter of 1993 were sim-
ulated to incorporate the periods of the high- and low-
slack tide longitudinal water-temperature profiles
(figs. 18, 19). These simulations are particularly use-
ful in evaluating the performance of the temperature
algorithm of the model throughout the length of the
model. Although continuous water-temperature data
are not available at station 02172083, 02172085, and
02172088, the comparison of high- and low-slack tide
temperatures with simulated values shows that the
model simulations follow the trend of the measured
data and are within a degree of the measured data
(figs. 18, 19).

The model generally under simulated water
temperature by a couple of degrees Celsius. These
under simulations will have an effect on the reaction
kinetics in the model. A 2 °C difference will have
approximately 15 percent difference to reaction kinet-
ics. Setting the reaction kinetics in the calibration pro-
cess compensated for this difference. Reaction rates

are set slightly higher due to the under predicted water -

temperatures. If the model is to be used during peri-
ods of better simulations of the measured water tem-
peratures, the reactions kinetics may need to be
adjusted to reflect the improved water temperature
simulations. :

Calibration and Validation of Nutrients,
Biochemical Oxygen Demand, and
Dissolved Oxygen

Ten constituents were simulated using the
BLTM for the Ashley River: water temperature, dis-
solved oxygen, algal biomass, organic nitrogen,
ammonia, nitrite, nitrate, organic phosphorus, dis-
solved phosphorus, and CBOD,,. The water-quality
constituent of most interest to the SCDHEC in defin-
ing and managing the river’s quality is dissolved oxy-
gen. Dissolved-oxygen concentration is dependent on
many factors, including water temperature, stream-
flow, atmospheric reaeration, photosynthesis, plant

and animal respiration, BOD, nitrification, and benthic
oxygen demand. The wastewater permittees discharge
ammonia and BOD into the Ashley River; both con-
stituents have a significant effect on dissolved-oxygen
concentration.

Four data sets were collected on the Ashley
River during the summers of 1992 and 1993, and there
are important differences and limitations in the data
sets from the two summers. The two data sets col-
lected during the summer of 1992 include data for six
sampling stations throughout the modeled reach, but
the analysis did not include chlorophyll-a, an indicator
of the algal biomass concentration. Analyses included
nitrite in addition to nitrate, and the level of detection
for ammonia-nitrogen was 0.01 mg/L. For the July
1992 data set, extended periods of the continuous dis-
solved-oxygen concentration data were missing; there-
fore, an input data set was not created for this
sampling period. The data sets for the summer of
1993 included chlorophyll-a, but only the lower three
stations of the river were sampled. (The lower reaches
of the river were part of a sampling survey of Charles-
ton Harbor and the Ashley, Cooper, and Wando Riv-
ers.) Water-quality analyses for 1993 did not include
nitrite, and the level of detection for ammonia-nitro-
gen was 0.05 mg/L.

The BLTM was calibrated using nutrient data
collected during August 23-25, 1993, and September
25, 1992, and was validated using the nutrient data
collected during May 4-5, 1993. The critical period
for dissolved oxygen is during the warm summer
months. The August 1993 and September 1992 data
sets were used for calibration, because they more
closely approximated the “critical conditions” used for
wasteload allocation than‘did the May 1993 data set.
Because the model will ultimately be used to deter-
mine wasteload allocations for ammonia and BOD,
emphasis was placed on satisfactory simulations of
these constituents during calibration and validation.

Thirty-day data sets for the 10 modeled constit-
uents were generated for each boundary of the model
for the calibration and validation periods. Continuous
(hourly) temperature and dissolved-oxygen data were
used at the external boundaries. For the other eight
constituents, concentration data from station
02172090 were averaged and used as the downstream
steady-state boundary concentration for the 1992 and
1993 data sets. Upstream boundary data were not col-
lected at station 02172081 in 1993; therefore,
STORET data were taken from the SCDHEC monthly
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monitoring program for boundary data for the two
1993 data sets. Average monthly point-source effluent
concentrations during the sampling periods were
obtained from the monthly Discharge Monitoring
Reports submitted by the NPDES permit holders to
SCDHEC. These data were averaged over the calibra-
tion and validation data set periods and entered into
the model as constant point-source loads.

The water-quality model was calibrated by
adjusting constant (global) and variable (local) kinetic
rate coefficients within ranges described by Bowie and
others (1985) and Brown and Barnwell (1987) until
the simulated constituent concentrations approximated
the measured concentrations. Simulated concentra-
tions were considered acceptable when the average
simulated constituent concentrations for the period of
observed data were within the range of observed con-
centrations for a given location. The general approach
to the model calibration was to use the August 1993
data set to calibrate the algal dynamics and nutrient
cycling of the lower reaches of the river, and then use
the September 1992 data set to calibrate the entire
river. The algal concentration used in the August 1993
data set was assumed for the September 1992 data set.
Nitrite concentrations from the September 1992 data
set were used to set the reaction rates for the biological
oxidation of ammonia to nitrite (BET1) and for the
biological oxidation of nitrite to nitrate (BET2) (fig.
16). Kinetic rate coefficients used in the model and
recommended values are listed in table 6.

The reaeration algorithms in the QUAL2E sub-
routine including Thomann and Fitzpatrick (1982)
were evaluated. All of the algorithms except O’Con-
ner and Dobbins (1958) under predicted the simulated
dissolved-oxygen concentrations in the upper reach
(station 02172083) of the Ashley River by 2 to 3 mg/
L. O’Conner and Dobbins (1958) over predicted the
dissolved-oxygen concentration by 3 mg/L. It was
decided to read in the reaeration coefficients as input
(option 1) rather than have the QUAL2E subroutine
compute a reaeration coefficient.

For the calibration and validation simulations,
model output for each constituent consisted of hourly
values over a 30-day period (720 simulated data
points). Measured data for the September 1992 cali-
bration data set were limited to five data points for
each constituent at approximately 3-hour intervals
over a 12-hour sampling period. The August 1993 cal-
ibration data set and May 1993 validation data set con-
sist of five data points for each constituent at

approximately 12-hour intervals over 2 or 3 days.
Only those simulated data that corresponded to the
time of measured data were used for comparison with
the measured data. Therefore, for each 30-day simula-
tion, only the simulated data concurrent with the mea-
sured data were averaged and compared with the
measured data. The criterion used to evaluate calibra-
tion and validation of the model was a target range
bracketed by the maximum and minimum concentra-
tions of the measured data. This criterion was consid-
ered achieved when the simulated mean was within
the range of the measured data. Simulated means also
were compared to a calculated range 20 percent larger
than the actual measured range to include those simu-
lated means that did not meet the defined criterion, but
were considered close to meeting it. The standard
deviation was calculated for simulated data over this
period in order to compare the simulated constituent
concentration variability with actual measured data
variability.

Measured ammonia-nitrogen concentrations for
the May and August 1993 data set were equal to or
less than 0.05 mg/L, the lower limit of detection for
the analysis, for 29 of the 30 analyses. Because there
was no variability to the measured data, the evaluation
criterion could not be applied. Therefore, the range
from 0.00 to 0.05 mg/L was defined as the evaluation
criterion for the simulated mean ammonia concentra-
tions and 0.00 to 0.06 mg/L for the 20 percent
expanded criteria.

Results of the water-quality model calibration
and validation are presented as longitudinal profiles of
constituent concentrations versus river mile (figs. 20,
21, 22) and as time-series graphs of dissolved-oxygen
concentrations for gaging station 021720869 (fig.

23). The mean simulated values and one standard
deviation are shown with the minimum and maximum
observed values except for the ammonia values where
the measured data were at or below 0.05 mg/L, the
lower limit of detection (figs. 21b and 22c¢). The per-
centage of stations meeting the calibration and valida-
tion criterion and expanded criterion for each
constituent is shown in table 7. Temperature simula-
tions were shown in a previous section of this report.
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Table 7. Stations meeting calibration and validation criterion for nine constituents
[--, no data for comparison; CBOD,, ultimate carbonaceous biochemical oxygen demand]

Calibration simulations, Validation simulations,
in percent in percent
(September 25, 1992, and (May 4-5, 1993)
August 23-25, 1993)
Constituent Stations Stations Stations Stations
meeting meeting meeting meeting
criterion’ expanded criterion? expanded
criterion? criterion?
Algal biomass® 66 100 100 100
Organic nitrogen 78 78 100 100
Ammonia nitrogen 78 100 100 100
Nitrite nitrogen® 67 67 - -
Nitrate nitrogen 89 89 100 100
Organic phosphorus 67 78 100 100
Dissolved phosphorus 56 89 100 100
CBOD, 78 78 66 66
Dissolved oxygen® 8 89 33 100

I' Mean simulated constituent concentration during the sampling period within the range of the minimum and
maximum measured concentrations.

2 Mean simulated constituent concentration during the sampling period within a range 20 percent larger than the
minimum or maximum measured range.

3 May and August 1993 data sets only.
4 September 1992 data set only.
3 Not including time series data.

The simulations using the calibration data setof ~ but the simulations captured the longitudinal profile of

September 1992 show that the model generally fol- the river of decreasing dissolved-oxygen concentra-
lows the longitudinal trends of the measured data (fig. tions at Middleton Plantation (river mile 20.1), then
21). The model did not simulate the high ammonia increasing concentrations at Drayton Hall (river mile
concentrations measured at Middleton Plantation but 14.2), followed by decreasing concentrations at sta-
simulated the measured trend (river mile 20.1, fig. tions 021720869 and 02172088 (river mile 9.8 and

21b, table 2). The CBOD,, simulations (fig. 21g) fol- 7.1, respectively) before increasing at the downstream
lowed the trend of the measured data with higher con-  boundary. For the August 1993 calibration simula-

centrations in the upstream reaches of the Ashley tions (fig. 20), the nutrient simulations follow the mea-
River and decreasing concentrations downstream. sured trends for the lower reach of the river.
The mean dissolved-oxygen simulations (fig. The simulations for the validation data set

21h) were near the lower range of the measured data of May 1993 (fig. 22) show the mean simulated con-
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centrations generally were within the range of the
measured concentrations. The algal biomass concen-
trations, although within the range of the measured
data, are near the lower range of the measured concen-
trations. The model under simulated the CBOD,, con-
centrations (fig. 22g) and slightly over predicted the
measured dissolved-oxygen concentrations (fig. 22h).
In addition to comparing the simulated dis-

solved-oxygen concentrations to the measured field

- readings during the nutrient sampling, the simulated
and measured dissolved-oxygen concentrations also
were compared with continuous (15-minute recording
interval) dissolved-oxygen concentrations from station
021720869 (fig. 23). There were two significant dif-
ferences in the methods used for collecting dissolved-
oxygen data from the gaging stations as compared to
the dissolved-oxygen profiles measured during the
nutrient sampling. First, the probes for the gaging sta-
tions were set at fixed elevations that did not vary with
changes in water level. Station 021720869 was instru-
mented with two sets of probes; the probes were set
approximately 3 ft from the bottom and 3 ft below the
mean low-water elevation. The values from the two
probes were averaged to compute a mean value. The
dissolved-oxygen profiles measured during the nutri-
ent sampling were recorded at 3 ft intervals from the
water surface. Second, the gaging station was
attached to a bridge pier located near the left side of
the center channel, whereas the dissolved-oxygen pro-
files were taken in the center channel of the Ashley
River.

The 4-day simulation from September 22-25,

1992, shows that simulated dissolved-oxygen concen-
trations closely followed the measured dissolved-oxy-
gen concentrations, but the simulated concentrations
did not show the slight decreasing trend of the mea-
sured data (fig. 23a). The average measured concen-
tration was 4.0 mg/L with a standard deviation of 0.16
mg/L as compared to an average simulated concentra-
tion of 4.1 mg/L and a standard deviation of 0.10 mg/
L. The simulations for May 1-7 and August 19-25,
1993 (figs. 23b and 23c), are within the range of the
measured data but do not simulate the amplitude. For
the two periods, the mean simulated and measured
concentrations are 6.50 and 6.73 mg/L, and 3.89 and
3.71 mg/L, respectively, whereas the standard devia-
tion of the mean simulated and measured concentra-
tions of the two periods differ by an order of
magnitude, 0.005 and 0.48 mg/L and 0.04 and 0.50
mg/L, respectively.

Sensitivity Analysis

Sensitivity of the water-quality model to
changes in model input data was analyzed by evaluat-
ing the mean dissolved-oxygen concentrations of the
Ashley River at station 021720869 from September
16-30, 1992. Three groups of model inputs were eval-
uated: model input variables (including rate constants
and settling rates), meteorological input data, and
boundary input data of water-quality constituent con-
centrations. The calibration simulation for station
021720869 was used to compute a base value (table 8)
to compare with the simulated dissolved-oxygen con-
centrations for the sensitivity analysis simulation. Test
values for model input data were increased by approx-
imately 25 percent while all other inputs were
unchanged. Time-dependent inputs to the model, such
as the meteorological input data, reaeration rates, and
boundary constituent concentrations were changed for
each simulation time-step.

A normalized sensitivity index (S;;) was devel-
oped to represent the percent change in the output
variable (the mean dissolved-oxygen concentration at
station 021720869) resulting from a 1-percent change
in each rate constant or input data (Brown and Barn-
well, 1987). The normalized sensitivity index is:

S; = (AY,/Y))/ (8X/X), @)

where

S, is the normalized sensitivity index for output
Y; to input X;;
AY; is the change in the output variable;
Y; is the original value of the output variable;
AX; is the change in the input variable; and

X; is the original value of the input variable.

WATER-QUALITY MODEL APPLICATIONS

The water-quality model of the Ashley River
was used to simulate two hydrologic and water-quality
scenarios to evaluate their effects on the simulated dis-
solved-oxygen concentrations and, ultimately, to gain
a better understanding of the river system. The Sep-
tember 1992 calibration data set was used for the sce-
nario simulations. Simulated model output was
analyzed for 10 sites in the model domain (fig. 24).

44  Simulation of Temperature, Nutrients, Biochemical Oxygen Demand, and Dissolved Oxygen in the Ashley River near

Charleston, South Carolina, 1992-95



Table 8. Sensitivity indices for the Branched Lagrangian Transport Model inputs for station 021720869
on the Ashley River, S.C.

[mg/L, milligrams per liter; -- , no data; -, negative]

Model input Original Test Mean Sensitivity
value value simulated index
dissolved
oxygen
September
16-30, 1992
(mg/L)

Base value' - - 4.064 -
Model input variabl ble 6

Al 3.010 3.770 4.189 0.122
ALGSET2 0.000 0.250 4.092 0.007
ALPHAOQ 67.000 84.000 4.146 0.080
ALPHAL1 0.090 0.120 4.094 0.022
ALPHA2 0.020 0.025 4.064 0.000
ALPHA3 1.400 1.750 4.376 0.307
ALPHA4 2.150 2.690 3.578 -0.476
ALPHAS 3.430 4.290 3.745 -0.313
ALPHA6 1.140 1.430 4.049 -0.014
Bl 1.130 1.420 4.078 0.013
BET1 1.000 1.250 4.092 0.027
BET2 0.200 0.250 4.050 -0.014
BET3 0.500 0.630 3.937 -0.120
CKl1 0.060 0.075 3.930 -0.131
CK2 0.250 0.320 4.952 0.780
CK4 6.000 7.500 4.904 0.826
CKS 70.000 88.000 4.763 0.669
CKL 0.020 0.025 4.106 0.041
CKN 0.260 0.330 4.168 0.095
CKP 0.040 0.050 4.064 0.000
GRO 2.000 2.500 3.941 -0.121
NO2L 0.850 0.640 3.868 0.195
PN 0.250 0.320 4.067 0.003
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Table 8. Sensitivity indices for the Branched Lagrangian Transport Model inputs for station 021720869
on the Ashley River, S.C.--Continued

[mg/L, milligrams per liter; -- , no data; -, negative]

Model input Original Test Mean Sensitivity
value value simulated index
dissolved
oxygen
September
16-30, 1992
(mg/L)
RSPRT 0.330 0.420 4172 0.097
SHADO 0.100 0.125 4,097 0.032
SHADI1 0.010 0.013 4.159 0.078
SIG2 3.000 3.750 4,064 0.000
SIG3 10.000 12.500 3.946 -0.116
SIG6 10.000 12.500 3.952 -0.110
Meteorological inputs
Solar radiation3 1.000 1.250 4.031 -0.033
Wind velocity? 1.000 1.250 4.080 0.016

Constituent concentration inputs

Algal biomass® 1.000 1.250 4.029 -0.034
Ammonia’ 1.000 1.250 4.045 -0.018
CBOD? ‘ 1.000 1.250 3.994 -0.069
Dissolved oxygen 1.000 1.250 4.138 0.073
Dissolved phosphorus 1.000 1.250 4.064 -~ 0.000
Nitrate? 1.000 1.250 4.055 -0.009
Nitrite? 1.000 1.250 4.052 -0.012
Organic nitrogen’ 1.000 1.250 4.022 -0.041
Organic phosphorus? 1000 1.250 4.063 -0.001
Temperature’ 1.000 1.250 3.907 -0.154

! Simulated mean dissolved-oxygen concentrations for September 16-30, 1992.
2 Sensitivity index computed by using test value for input variable instead of original value.
3 Time-dependent model input; original and test values are multiplicative factors.
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These sites were chosen to adequately define the lon-
gitudinal dissolved-oxygen profile of the river. Two
types of scenarios were simulated. The first scenario
simulated the travel time of a conservative tracer in the
upper reach of the river to evaluate the flushing char-
acteristics of the river. The second scenario evaluated
the effect of setting all the dischargers to advanced
secondary, advanced, and reclaimed-use levels of
wastewater treatment.

Time of Travel

One characteristic of tidal sloughs, such as the
Ashley River, is the relatively long flushing time, or
residence time, due to the limited freshwater inflow
and reversing flows. To evaluate the time of travel of
the Ashley River, the BLTM was used to simulate a
slug injection of a conservative tracer and subsequent
flushing of the tracer from the upstream segment of the
model at station 02172081. In the transport model, the
upper segment of the model (from river mile 26.7 to
27.9, fig. 7) was set with an initial condition of 100 ppt
and all the other segments were set with concentra-
tions of 0.0 ppt. The system was then simulated for 60
days from September 1, 1992, and the resulting tracer
concentrations at six selected sites downstream were
evaluated.

A streamflow hydrograph (24-hour running
average) at station 02172081 and the tracer time series
for six sites (24-hour running average) are shown in
figure 25. The average flow at station 02172081 was
136 ft3/s, with minimum and maximum instantaneous
flows of -120 and 405 ft3/s, respectively, during the
60-day data set (not shown in fig. 25). Time series of
the tracer concentrations were analyzed for six loca-
tions in the model to evaluate the time of travel for the
leading edge of the dye (defined as a concentration
greater than 0.1 ppt, or 0.1 percent of the initial tracer
concentration) and the peak concentration to reach
each location (table 9).

The leading edge of the tracer reached site 6
(7.4 mi downstream from the injection site) after 28.5
hours and the peak concentration (10 percent of the
injected concentration) occurred 112 hours after the
beginning of the simulation (table 9, fig. 25b). The
leading edge of the tracer reached site 10 (at the lower
end of the system and 23.7 mi downstream of the
injection point) after 376 hours and the peak concen-
tration (0.6 percent of the injected concentration)
occurred after 1,105 hours (fig. 25c¢).

Levels of Wastewater Treatment

A water-quality model can be utilized by water-
resource managers to evaluate the effects of wastewa-
ter loads on dissolved-oxygen concentrations, espe-
cially in determining the amount of wastewater that a
receiving waterbody is able to assimilate. The assimi-
lative capacity of a stream is its capacity to carry a par-
ticular pollutant, without violating an instream water-
quality standard. The capacity of a stream to assimi-
late oxygen-consuming substances is a function of
many factors including streamflow, water temperature,
reaeration, benthic oxygen demand, and channel
geometry. In terms of water-resource management,
this capacity is expressed as pounds per day of UOD
that can be assimilated without violating the State
water-quality standard for dissolved oxygen.

Wastewater effluent contains many oxygen-con-
suming constituents, primarily ammonia and biode-
gradable organic substances. The UOD is the total,
theoretical demand for oxygen from carbonaceous and
nitrogenous sources. The SCDHEC defines UOD by
the equation (L.E. Turner, South CArolina Department
of Health and Environmental Control, oral commun.,
April 5, 1998):

UOD = (BOD4 x F_,; +NH,;-N x4.57) 8)
x Flow x 8.34,

where

UOD is the ultimate oxygen demand, in pounds

per day;
BODj is the five-day carbonaceous biochemical

oxygen demand, in milligram per liter;

Fratio 18 the conversion factor from BODj to ulti-
mate carbonaceous biochemical oxygen
demand;

NH;-N is the ammonia concentration, in milligrams

nitrogen per liter;

4.57 is the stoichiometric ratio of the milligrams
of oxygen consumed per milligram of
ammonia-nitrogen oxidized;

Flow is wastewater flow, in million gallons per
day; and

8.34 is the conversion factor to pounds per day.
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Figure 25. Flow hydrograph and tracer graphs for six sites on the Ashley River,
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Table 9. Time of leading edge, time of peak concentration, and peak concentration for sites on the Ashley

River, S.C.

[ppt, parts per thousand; --, no data]

Location River River miles Time of Time of peak Peak
(fig. 24) mile from tracer leading concentration  concentration
injection edge (hours) (percent or ppt)
site (hours)

102172081 27.9 0 0 0 100

Site 2 244 3.5 35 15.5 41

Site 4 219 6.0 15.5 39.5 29

Site 6 19.9 8.0 28.5 112 10

Site 8 14.2 13.7 104 408 20

Site 10 4.2 23.7 376 1105 0.6
02172090 22 25.7 2__ 3950 0.016

I Upstream location of segment of slug injection of conservative tracer.

2 Concentrations were below 0.1 parts per thousand.

3 peak occurred earlier than for site 10 due to tidal dilution effects from downstream boundary.

The procedure for determining the assimilative
capacity of an upland stream is well established. The
procedure involves a statistically computed low-flow
value that is used in conjunction with a critical water
temperature in a simulation model. The results are
interpreted in accordance to the State water-quality
standards. For many reasons, the procedure for coastal
waters is not well established. The dynamic, oscilla-
tory nature of streamflows in estuarine waterbodies
makes statistically determined low-flow values very
difficult to compute. Critical dissolved-oxygen con-
centrations may not occur during low-flow periods
when estuarine waterbodies are influenced by ocean
water with usually higher dissolved-oxygen concentra-
tions. Most water-quality standards are based on
water-quality data from upland streams and not from
coastal waters, where, in the case of South Carolina,
the waters may not meet the dissolved-oxygen concen-
tration standard due to natural conditions. For these
waters, effluent releases are permitted only if the
instream dissolved-oxygen concentration is minimally

affected, which is quantified as less than a 0.1 mg/L
decrease from the natural condition (South Carolina
Department of Health and Environment Control,
1993).

The water-quality standard for waterbodies that
do not meet the standard due to natural conditions is
currently (1998) under review by the SCDHEC. An
alternative to the 0.1 mg/L allowable decrease being
considered is to allow a 10 percent reduction below the
“naturally” occurring dissolved-oxygen concentration
if it can be demonstrated that the resident aquatic spe-
cies shall not be adversely affected. Other issues of
concern are critical flow periods and the time interval
to use for interpretation of model output for estuarine
systems that are dominated by semi-diurnal tidal cycle
frequencies of 24.4 hours, 14 days, and 28 days.

Resolving these issues, although necessary for
determining the assimilative capacity and NPDES per-
mit limits for coastal waters, are beyond the scope of
this report. However, for this report, various point-
source loading conditions are compared with a condi-
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tion where there is no point-source discharge into the
system (a no-load condition). The effects of the point-
source loading conditions then can be evaluated by
comparing the differences in the dissolved-oxygen
concentrations for each simulation. The model is used
to compare relative differences between various point-
source loading conditions rather than to predict the
absolute dissolved-oxygen concentration of the system
under a particular point-source loading, hydrologic,
and meteorological conditions. The modeled absolute
value could be in error, but relative differences in the
simulated results are more likely to be accurate. The
results from these scenarios are intended to demon-
strate the utility of the model in making water-
resource management decisions and are not intended
to be interpreted as a regulatory application of the
model.

Effluent standards set the levels of treatment for
municipal and industrial wastewater discharges. His-
torically, there were three levels of wastewater treat-
ment: primary, secondary, and advanced treatment.
With the advancements in wastewater-treatment tech-
nology, additional levels of treatment are now widely
used and point-source dischargers are better able to

process wastewater to lower BOD and ammonia con-
centrations. These treatment levels now include sec-
ondary, advanced secondary, advanced, and reclaimed
use.

The dischargers to the Ashley River are treating
their effluent at the secondary treatment level (30 mg/
L BODs, 20 mg/L ammonia-nitrogen, and 1 mg/L dis-
solved oxygen) or higher. Three scenarios were simu-
lated by setting the effluent discharge at the permitted
levels and the effluent concentrations to advanced sec-
ondary, advanced, and reclaimed treatment levels.
Point-source concentrations were only changed for
dischargers that were below a particular level of treat-
ment. The BOD and ammonia concentrations, and the
UOD for each level of treatment are listed in table 10.

During the calibration period of September
1992, the point-source loading was at 92 percent of
the fully permitted loading. The largest effect of the
loading is seen at site S, where the 24-hour mean dis-
solved-oxygen concentration of September 25, 1992,
was decreased by 29.0 percent (table 11, fig. 26). Set-
ting the point-source loadings at a minimum of
advanced secondary treatment levels reduces the fully
permitted UOD to the system by 33 percent and

Table 10. Biochemical oxygen demand, ammonia-nitrogen and dissolved-oxygen
concentrations, and ultimate oxygen demand for three wastewater-treatment levels

[BODs, 5-day biochemical oxygen demand; mg/L, milligrams per liter; UOD, ultimate

oxygen demand; lb/d, pounds per day]

Effluent concentration for each point-source discharge

Treatment BOD; Ammonia-  Dissolved  Total UOD
level (mg/L) nitrogen oxygen for model’
(mg/L) (mg/L) (Ib/d)
Advanced secondary 20 10 2 4,600
Advanced 10 2 6 1,530
Reclaimed use 5 .5 6 592

I UOD calculated by using permitted discharge rates and setting effluent concentrations
within the model boundary to a minimum treatment of the specified level.

Water-Quality Model Applications 51



00 6L'E €0 8L'¢ €0 8L'¢ €0 8Lt 6L (44 01

00 18°¢ £0- 08¢ €0~ 08'¢ S0 6L'¢ 18°¢ L 6
9'l- wy (X4 3 4 145 1144 9 [¥44 (144 [44] 8
[4% 8’y 8¢ 1394 1'91- L6t 61 86'¢ (YA 4 6Ll L
Le Eia4 9'8- €7y £0e- €Te Log- 17¢ 9 661 9
vl (44 [ L6€ Log- 86'C ¥'8z- 80°¢ [1[97 60T S
so 66'€ 1'9- EL'E (A (A4 LT Lot L6'E 61T v
st 68'€ €l 1Lt €5 1877 LSl Lre 9Lt 6'T¢ €
8¢ 60t 8¢ €'y 8'9- 96’ 6 Yo'y (Y44 v 4
0 (394 00 (434 00 (4% 4 00 wy (434 6'ST 1

00 1184 00 (A4 00 ey 00 £y (304 [44 0l
€0 S6'¢t S0 o't 80" £6'€ o1 (£33 96'¢ L 6
0C 1424 8T os'y 8's- 9ty L9 (434 €97 (44! 8
s wy 9°6- oLy €yl iy £vl- Ly 86V 6Ll L
(5 8SYy 1'8- 1344 §'sT- 65°¢ 19T 95t [4:24 661 9
&4 124 08 9y 66T Lre 06T 17¢ (424 60T S
S0~ 1484 L9 88'¢ €6t ¥6'C e 61°¢ 9y 6’12 4
S0 'y 0C 1{ 37 6Ll- 0g'e Tll- LSt wv 6T €
€T wy 8- 1434 ve 7y LT oty wy Ve [4
[4v 1344 00 1444 00 wv 00 wy Wy 6'ST 1

(luaouad) (yuaduad)
o))|puod (yueoiad) uopuod (wuadsad) (7/6w)
peoj-ou (1/6w) uonpuod (v/6w) peoj-ou (1/6w) uonpuod (1/6w) uonNpuod
wouj uebAxo peoj-ou uabAxo woudy uabAxo peoj-ou uabAxo peoj-ou I (ve ‘6y)
abuey) paajossiq woujabuey) paajossiq abuey) paajossia woJy sbueyn PaAjosSIa Japun OQ J9A1Y uonedso
suonipuod SUOPUOD Juswieas
SUOIIPUOD asn-pawie|day jusuwleas) padueApy Asepuooas paosueapy SuoRpuod jBNIdY

[+ay) 1ad sweibyjiw /6w ‘uabAxo paajossip ‘0q]

'0'S “49A1Y A3jysy 8y} uo Says uaj 1oy Suolpuod Buipeo) 821nos-juiod JNo} 10} SUCHEAUBIUOD UaBAX0-panjossIp pajenwIS ‘|| d|qel

Simulation of Temperature, Nutrients, Biochemical Oxygen Demand, and Dissolved Oxygen in the Ashley River near

Charleston, South Carolina, 1992-95

52



DISSOLVED-OXYGEN CONCENTRATION DIFFERENCES FROM

DISSOLVED-OXYGEN CONCENTRATION DIFFERENCES FROM

a) 24-hour mean

1 T

EXPLANATION

-------- ACTUAL LOADING

ADVANCED SECONDARY

........ ADVANCED

RECLAIMED USE

NO-LOAD CONDITION, IN PERCENTAGE
I

-40
30 25 20 15

RIVER MILE

© b) 24-hour minimum

/- ] aesees

20 -

EXPLANATION

------- ACTUAL LOADING

ADVANCED SECONDARY

------- ADVANCED

RECLAIMED USE

20

NO-LOAD CONDITION, IN PERCENTAGE
I

30 -

40 1 i 1
30 25 20 15
RIVER MILE

Figure 26. Longitudinal profiles of 24-hour mean and minimum dissolved-oxygen
concentration differences from the no-load condition for four point-source loading
condition on the Ashley River, South Carolina for September 1-October 30, 1992.
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decreases the 24-hour mean dissolved-oxygen concen-
tration from the no-load condition by 29.9 percent or
less (table 11, fig. 26). There are two explanations for
the slight differences between the dissolved-oxygen
concentration for these loading conditions. First, as
previously mentioned, the dischargers on the Ashley
River are treating wastewater effluent at secondary
treatment levels or higher, so that the effects of setting
all dischargers at advanced secondary are small as
compared to the higher levels of treatment. Second,
the increase in treatment levels decreased the longitu-
dinal algal biomass concentration (an indictor of the
phytoplankton community) for each treatment level
conditions. Nitrogen in the forms of ammonia and
nitrate are essential to the phytoplankton community
and other primary producers of oxygen. The decrease
in ammonia-nitrogen in the effluent decreases the phy-
toplankton community and, therefore, oxygen produc-
tion, as seen in the lower dissolved-oxygen
concentrations under the advanced secondary treat-
ment conditions for sites 2 to 5.

At advanced treatment levels, representing a 78-
percent reduction in the UOD loading to the system,
the difference of the 24-hour mean dissolved-oxygen
concentration from the no-load condition is 8.1 per-
cent or less. Increasing the treatment level to
reclaimed-use, representing a 91 percent reduction in
the UOD loading to the system, further reduces the
difference from the no-load condition to 5.2 percent or
less. The decreases in the 24-hour mean and mini-
mum dissolved-oxygen concentrations from the
advanced condition to the reclaimed-use condition at
site 2 are due to the decrease in primary oxygen pro-
duction caused by the decrease in ammonia-nitrogen
and its effects on the phytoplankton community.

SUMMARY

The U.S. Geological Survey one-dimensional
dynamic-flow model BRANCH and the Branched
Lagrangian Transport Model (BLTM) were calibrated
and validated for the Ashley River near the Charleston
Harbor area of South Carolina. The study area
included the Ashley River from S.C. Highway 165 at
Bacon Bridge near Summerville S.C., to S.C. High-
way 17 at Charleston, 2.2 miles upstream from the
confluence of the Ashley River with the Charleston
Harbor. Data included water levels from three loca-
tions, tidal-cycle streamflow measurements from four
locations, and salinity concentrations at six locations.

Data used in applying, calibrating, and validating the
water-quality model included nutrient and biochemi-
cal oxygen demand concentrations collected over a
tidal cycle at six locations during two sampling sur-
veys; nutrient and biochemical oxygen demand con-
centrations collected over five tidal cycles at three
locations during two sampling surveys; continuous
water-temperature data for three locations; and contin-
uous dissolved-oxygen concentration data for three
locations. The streamflow, mass-transport, and water-
quality models were calibrated by adjusting model
parameters until simulated hydraulic and water-quality
values were within the range of measured hydraulic
and water-quality data. A sensitivity analysis was per-
formed for all of the model parameters and boundary
data.

The water-quality model of the Ashley River
was used to simulate two hydrologic and point-source
loading conditions to evaluate effects on the system.
Scenarios included a slug injection of a conservative
tracer in the upper reach of the river to evaluate the
time of travel in the system and setting point-source
discharges at various levels of wastewater treatment to
evaluate the effect on the dissolved-oxygen concentra-
tions.

To test the time of travel, the system was simu-
lated for 60 days. The upstream segment of the model
was set with an initial condition of 100 ppt and the
other segments were set with a concentration of 0.0
ppt. The leading edge of the tracer (defined as a con-
centration greater than 0.1 ppt) reached site 6 (7.4 mi
downstream from the injection site) 1.2 days after the
beginning of the simulation and the peak concentra-
tion, 10 percent of the injected concentration, reached
the site in 4.7 days. The leading edge of the tracer
reached site 10 (23.7 miles downstream from the
injection site) 15.7 days after the beginning of the sim-
ulation and the peak concentration, 0.6 percent of the
injected concentration, reached the site in 46 days.

Various point-source loading conditions to the
system were evaluated. Setting all the point-source
loadings to a minimum of advanced secondary treat-
ment [10 mg/L of ammonia-nitrogen and 20 mg/L of
biochemical oxygen demand (BOD)] decreased the
total permitted loading to the system by 33 percent and
decreased the 24-hour mean dissolved-oxygen con-
centrations for September 25, 1992, from the no-load
condition by 29.9 percent or less. Setting all the point-
source loadings to a minimum of advanced treatment
(2 mg/L of ammonia-nitrogen and 10 mg/L of BOD)
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decreased the total permitted loading to the system by
78 percent and decreased the 24-hour mean dissolved-
oxygen concentrations from the no-load condition by
8.1 percent or less. Setting all the point-source load-
ings to a minimum of reclaimed use (0.5 mg/L of
ammonia-nitrogen and 5 mg/L of BOD) decreased the
total permitted loading to the system by 91 percent and
decreased the 24-hour mean dissolved-oxygen con-
centrations from the no-load condition by 5.2 percent
or less.
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