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Introduction
In Fiscal Year 2000, the Georgia Water Resources Institute (GWRI) was involved in a wide range of
activities at the state, national, and international levels.
In summary, the following GWRI activities took place in FY00:
RESEARCH PROJECTS
- Improvement of Water Resources Management Due to Climate Forecasts (sponsored by NOAA); Climate and Hydrological Forecasts for Operational Water Resources Management, a Demonstration
Project (sponsored by NOAA); - Decision Support System for the Alabama-Coosa-Tallapoosa River
Basin (sponsored by citizen groups, nature conservancy groups, and US EPA); - Sustainability of
Surficial Aquifer Resources on Endmember (Developed and Pristine) Barrier Islands near Brunswick,
Georgia (sponsored by USGS); - A Two-Dimensional Hydrodynamic Model for the ACT and ACF
River Basins (sponsored by USGS); - Ecological Impacts of Water Management Decisions for the
Apalachicola-Chattahoochee-Flint River Basin in a Changing Climate (sponsored by USGS); Ribotype Source Library of Escherichia Coli Isolates from Georgia (sponsored by USGS); - Water
Supply Potential of Seepage Ponds in the Coastal Area of Georgia (sponsored by USGS); - Lake
Victoria Decision Support System (LVDSS) Advanced Training Program (sponsored by the World
Bank and Governments of Kenya, Tanzania, and Uganda); - A Decision Support Tool for the Nile
Basin (sponsored by the Food and Agriculture Organization of the United Nations).
RESEARCH PRODUCTS
GWRI investigators organized and conducted 4 short courses, gave several lectures at local, national
and international fora, and supported 16 students through various research projects. In the reporting
period, GWRI research resulted in numerous refereed journal publications, conference papers, and
water resources research reports. The institute produced two River Basin Decision Support System
software packages, one for the South Eastern US, and one for the Lake Victoria region in East Africa.
A graduate student internship was continued with the USGS Georgia District, and a graduate student
fellowship sponsored by a private company was continued in its second year.
POLICY IMPACT
At the state level, GWRI was involved in many ways in the ongoing tri-state compact negotiation
among the states of Alabama, Florida, and Georgia. These three states are negotiating water-sharing
agreements for the Alabama-Coosa-Talapoosa (ACT) and Apalachicola-Chattahoochee-Flint (ACF)
basins. Under the sponsorship of the US EPA, GWRI performed technical analysis of a draft ACT
compact. Assessment results were presented to the Forum of Federal Agencies (including the EPA, US
Fish and Wildlife Service, US Army Corps of Engineers, and Southeastern Power Administration) and
the ACT-ACF Federal Commissioner. Assessment results have also been requested by U.S.
Representative Bob Barr, and numerous federal, state, local, and non-governmental entities.

Significant press coverage has been granted to the GWRI study in newspapers throughout the region,
WSB television, and the Associated Press. The final effect of the assessment results on the compact
negotiations are not known at this time, but the level of public interest indicates that the impartial
technical analysis may have some value for the process. GWRI also sponsored in co-operation with the
Upper Chattahoochee Riverkeeper a one-day workshop on technical methods used in the compact
process for non-technical stakeholders. Also at the state level, GWRI has proposed a state-wide
technology transfer initiative named "Georgia Water-Wise." This program is intended to be a
cooperative effort between the academic institutions, various government agencies and bodies at all
levels, public interest groups, and private businesses of Georgia who have active interests in the water
resources issues of the state. The final form of implementation and funding are currently undecided,
but substantial support has been received from all sectors. At the national level, GWRI research
projects on the value of climate forecasting in water resources manegent have proven that policy
making can indeed benefit from near-term climate prediction. Additionally, the attention generated by
GWRI’s work in the ACF-ACT compacts process has brought increased appreciation for the role of
water resources research and the national Water Resources Research Institutes program. At the
international level, GWRI hosted six East African trainees from Kenya, Tanzania, and Uganda at
GWRI for extended training in the Lake Victoria Decision Suppport System over a six-month period.
GWRI has also been awarded a research contract for a Decision Support Tool for the Nile Basin
sponsored by the Food and Agriculture Organization of the United Nations. This project will involve
the governments of ten nations and span one of the world’s largest river basins.
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Summary
In this report, we develop a two-dimensional hydrodynamic model for simulating
swallow-water open-channel flows using depth-averaged equations.

The model is

capable of handling arbitrarily shaped channel geometries such as those typically
encountered in natural rivers.

The time-dependent, depth-averaged equations are

formulated in generalized, non-orthogonal curvilinear coordinates so that complex river
reaches can be accurately modeled using body-fitted computational grids. The equations
are discretized in space using a conservative second-order accurate finite-volume method.
Adaptive artificial dissipation terms, with scalar and matrix-valued scaling, are explicitly
introduced into the discrete equations to ensure that the resulting scheme is applicable to
all flow regimes and can accurately capture hydraulic jumps. The discrete equations are
integrated in time using a four-stage Runge-Kutta method. For steady-state computations
the convergence of the Runge-Kutta algorithm is enhanced using local time stepping,
implicit residual smoothing, and multigrid acceleration. Time accurate solutions may
also be obtained by integrating the governing equations in time using the four-stage,
second-order accurate in time, Runge-Kutta scheme without implementing the
aforementioned convergence acceleration measures.
To validate the numerical model, we carry out calculations for a variety of open
channel flows for which experimental data have been reported in the literature. The
calculated test cases include flow in strongly curved channels and channel expansions.
For all cases considered the numerical method is shown to yield solutions of comparable
accuracy to those reported in earlier studies in the literature using depth-averaged
equations. Discrepancies between predictions and experiments are observed only for very
strongly curved channels for which three-dimensional effects dominate.
Due to the lack of detailed bathymetry and flow measurement data for the ACT and
ACF basins, the present numerical model was not applied to a real-life reach as was
initially intended. This not withstanding, however, the method has been designed to be
sufficiently general and its application to a natural geometry is straightforward. The good
overall agreement between measurements and numerical simulations for the test cases
considered in this report suggests that the present method could serve as a powerful
computational tool for understanding the complex flow patterns in the ACT and ACF
basins and for guiding the development of simpler one-dimensional models.
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1. Introduction
The ongoing tri-state (Georgia-Alabama-Florida) negotiations over the allocation of water
in the Apalachicola-Chattahoochee-Flint (ACF) and the Alabama-Coosa-Talapousa
(ACT) River Basins are presently at a critical stage. Even after, however, a water
allocation agreement has been established, there will be a critical need to implement a
river management system that ensures that the negotiated water allocation formula is
observed by all riparians and that the rivers serve their water users the best way possible.
Such an operational management system is not presently in existence. Though the
primary emphasis of the tri-state negotiations is placed on droughts, the process also
offers an opportunity to apply a modern and more effective flood management system.
For the State of Georgia, this is not a luxury but an imperative need in view of the deaths
and property damage caused by the killer floods of 1994 and 1996. These severe flooding
events underscored the need for developing an operational river management system
capable of accurate rainfall estimation, reliable flood forecasting, and effective overall
water management. Such a system should be based on remote and on-site data and
modern advances in rainfall-runoff, river routing, and reservoir management procedures.
The long-term objective of this research is to develop a two-dimensional
numerical model for simulating unsteady flows in the ACF and ACT River Basins. Such
a tool is presently necessary in order to: i) study and understand the complex response of
the two basins to transient changes in discharge (such as those likely to occur during a
hydropower release event and/or a flooding event); and ii) assess the performance and
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refine the predictive capabilities of simpler, one-dimensional river routing models used in
existing operational river management systems.

In this report we develop the

hydrodynamic model and demonstrate its predictive capabilities by applying it to
calculate several benchmark open-channel flow cases for which experimental data are
available in the literature.
This report is organized as follows. First, we review the literature and discuss
previous work on depth-averaged numerical modeling. Subsequently, we present the
governing equations in Cartesian and curvilinear coordinates and then describe in detail
the numerical method we developed for solving those equations. This is followed by the
presentation of numerical results for a number of test cases we employed to validate the
method. Finally we summarize our findings and discuss future data needs for applying
the numerical model to the ACT and ACF basins.
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2. Review of Previous Work
Depth-averaged models have been employed in the past to simulate flows in man-made
open channels as well as in natural environments, such as river systems and estuaries.
We present here a brief review of previous numerical studies including works that
focused on shallow flows both in man-made and natural environments. It should be
pointed out that what follows is not intended to be an extensive review of related
literature. We rather focus on few studies that underscore the progress made in modeling
open channel flows with 2D models during the past decade.
Among the most notable early studies is the work of Tingsanchali and Rodi
(1986) who developed a depth-averaged k-ε model for simulating suspended sediment
transport in the Neckar River in Germany. Wenka et al. (1991) employed a similar k-ε
model to simulate flooding over a stretch of the river Rine in Germany. They reported
good agreement between the predicted flow patterns and those observed in aerial
photographs of the river during the flooding event. Younus and Chaudhry (1994)
developed a depth-averaged k-ε turbulence model and applied it to various channel
geometries including circular hydraulic jumps. They reported significant improvements
in the agreement between experiments and computations for the hydraulic jump
simulations using the k-ε model.

Muin and Spaulding (1996) developed a two-

dimensional model for simulating tidal circulation patterns in the Providence River.
Their model neglects all viscous and turbulent stresses, except, of course, the stresses due
to bed friction. Hu and Kot (1997) developed a depth-averaged model for studying tides
in the Pearl River estuary in China.

They employed the constant eddy-viscosity
7

assumption for turbulence closure.

Shankar and Cheong (1997) employed various

formulations of a 2D numerical model to study tidal motions in Singapore coastal waters.
They also adopted the constant eddy-viscosity assumption.

Molls and Zhao (2000)

considered supercritical flow in channels with a wavy sidewall using the 2D depthaveraged equations and neglecting the depth-averaged viscous stresses. They investigated
the effect of bottom friction, effective stresses, artificial viscosity, and channel geometry.
Panagiotopoulos and Soulis (2000) developed an implicit bidiagonal scheme for the
depth-averaged free-surface flow equations, in an effort to further increase the efficiency
of 2D numerical models. They also neglected viscous stresses.
In this work, we develop a 2D, depth-averaged model capable of simulating flows
in natural geometries. The model is formulated in generalized curvilinear coordinates to
allow accurate description of arbitrarily complex geometries using body-fitted grids. The
governing equations are discretized in strong-conservation form using a second-order
accurate finite-volume method with explicitly added adaptive artificial dissipation terms.
An explicit Runge-Kutta algorithm is used to integrate the governing equations in time.
Convergence to steady state is enhanced using local time-stepping, implicit residual
smoothing, and multigrid acceleration. The predictive capabilities of the model are
demonstrated by applying it to calculate several benchmark test cases for which
experimental data is available in the literature.

8

3. The Numerical Method
In the following sections, we present the depth-averaged open-channel flow
equations and describe the numerical method we employ to solve the governing
equations.

3.1 Governing Equations
The numerical model solves the unsteady, depth-averaged, open-channel flow
equations.

These equations are obtained by integrating the three-dimensional,

incompressible, Navier-Stokes from the river bed to the water surface under the following
assumptions: i) uniform velocity distribution in the depth direction; ii) hydrostatic
pressure distribution; iii) small-channel bottom slope; iv) negligible wind shear at the
surface; v) negligible viscous stresses except stresses due to bed friction; and vi)
negligible Coriolis acceleration.

Although this averaging procedure simplifies the

equations considerably, information concerning the vertical variations of the velocity
distribution is lost. Nevertheless, the depth-averaged equations have been shown to yield
very good predictions for flows in shallow channels and provide a far more practical,
from the computational standpoint, engineering alternative to the full, three-dimensional
Navier-Stokes equations.
The depth-averaged open-channel flow equations (continuity and momentum)
formulated in Cartesian coordinates read in flux-vector format as follows (see Kuipers
and Vreugdenhil (1973) for the details of the integration):
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∂Qˆ ∂Fˆ ∂Gˆ ˆ
+
+
=H
∂t ∂x ∂y

(1)

where the flux vectors are defined as follows:
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éhù
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ê
ú
gh
ê
ú
Q̂ = êêhu úú ; Fˆ = êhu 2 +
; Gˆ = ê huv ú ; Hˆ = ê gh( S ox − S fx )ú
ú
ê 2 gh 2 ú
ê huv 2 ú
ê gh( S oy − S fy ) ú
êë hv úû
êhv +
ú
ë
û
ë
û
ë
2 û

(2)

In the above systems the first row is the continuity equations, while the second and third
rows are the x-momentum and y-momentum equations, respectively. The variable h is the
water depth, u and v are the depth-averaged velocity components in the x- and ydirections, respectively, and g is the acceleration of gravity. The bottom slopes Sox and
Soy are defined as

S ox = −

∂z
;
∂x

S oy = −

∂z
∂y

(3)

where z is the channel bottom elevation. The friction slopes Sfx and Sfy in the x- and ydirection are defined as

S fx =

n 2u (u 2 + v 2 )
;
h4 / 3

Sy =

where n is the Manning’s flow friction coefficient.
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n 2 v (u 2 + v 2 )
h4 / 3

(4)

To facilitate the description of natural geometries using body-fitted grids, the
above equations are transformed from Cartesian to generalized curvilinear coordinates by
invoking the partial transformation approach (x, y ) → (ξ ,η ) , which maintains the Cartesian
velocity components as the dependent variables. The transformed equations read as
follows:
∂Q ∂F ∂G
=H
+
+
∂t ∂ξ ∂η

(5)

where

Q=

Qˆ
J

F=

( Fˆξ x + Gˆ ξ y )
J

G=

( Fˆη x + Gˆ η y )
J

H=

Hˆ
J

(6)

in which J is the Jacobian of the geometric transformation given by

J=

1
= ξ xηy − ξ yξx
xξ y η − xη y ξ

(7)

where the transformation metrics are related with each other via the following relations:

∂ξ
∂y
=J
∂x
∂η

∂ξ
∂x
= −J
∂y
∂η

∂η
∂y
= −J
∂x
∂ξ

∂η
∂x
=J
∂x
∂ξ
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(8)

The velocity components u and v in the physical domain are related to the U and
V contravariant velocity components with the following equations:

U=

∂ξ
∂ξ
u+ v;
∂y
∂x

V=

∂η
∂η
u+
v
∂x
∂y

(9)

The Jacobian matrices of the flux vectors E and F, whose eigenvalues will be used
in the formulation of the artificial dissipation model described in the subsequent section,
are defined as follows:
é
ξx
ξy ù
0
∂E ê 2
ú
A=
= êc ξ x − uU U + uξ x
uξ y ú
∂Q
êc 2ξ y − vU
vξ x
U + vξ y úû
ë

(10)
é
0
ηx
ηy ù
∂F ê 2
ú
B=
= êc η x − uV V + uη x
uη y ú
∂Q
êc 2 η y − vV
vη x
V + vη y úû
ë

The eigenvalues of A and B are given as follows:

λA1 =U

λA2 =U + c ξ 2x + ξ 2y

λA3 =U − c ξ 2x + ξ 2y

λB1 =V

λB2 =V + c η2x + η2y

λB3 =V − c η2x + η 2y

where c is the wave celerity c = gh .
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(11)

3.2 Spatial discretization scheme

The depth-averaged continuity and momentum equations are formulated in strongconservation form and discretized using the finite-volume approach. Using second-order
accurate central differencing to discretize all spatial derivatives, a semi-discrete form of
equation (5) can be written as follows:

dQij
dt

+ Rij = 0

(12)

where
Rij =

~
~
Ei +1/ 2, j − Ei−1 / 2, j

∆ξ

+

~
~
Fi , j +1/ 2 − Fi , j −1 / 2

∆η

− H ij

(13)

The convective flux vectors at the cell interfaces are approximated in the following
general manner:
1
~
Ei +1 / 2, j = (Ei , j + Ei +1, j )+ Diξ+1 / 2, j
2

(14)

where Diξ+1 / 2, j is an artificial dissipation flux necessary for eliminating odd-even (grid
scale) oscillations associated with the dispersive three-point central differencing scheme
(obtained by setting Diξ+1 / 2, j =0 in eqn. (14)) and for capturing hydraulic jumps.
We implement herein a non-linear artificial dissipation model by extending to
depth-averaged flows techniques developed for capturing shock waves in compressible
flows (see Jameson et al. 1981). More specifically, the artificial dissipation flux consists
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of a blend of both first and third-order terms, each multiplied by appropriate functions
designed to switch-on or off certain terms based on the local intensity of the spatial
gradients of the water elevation. Thus, in regions of steep water-surface gradients (i.e.
near hydraulic jumps) the first-order terms are automatically turned on by the model to
preserve the robustness and monotonicity of the numerical model. In smooth regions of
the flow, however, only the third-order terms are activated, thus, preserving the secondorder accuracy of the numerical method. The dissipative term for the i direction is given
as follows:

[

]

D ξ i + 1 2, j = ρ ( A) i + 12, j ε i(+21)2, j (Qi +1, j − Qi ) − ε i(+41)2, j (Qi + 2, j − 3Qi +1, j + 3Qi , j − Qi −1, j )

(15)

where ρ(A) is the spectral radius of the Jacobian matrix A

ρ ( A) = U + c ξ x2 + ξ y2

(16)

and ε(2) and ε(4) are non-linear functions of the water-surface gradient parameter νi as
follows:

νi =

hi +1, j − 2hi , j + hi −1, j

(17)

hi +1, j + 2hi , j + hi −1, j

ε i(+2) = κ ( 2) max(ν i +1 ,ν i )
1

{[

ε i(+4) = max 0, κ ( 4 ) − ε i(+2)
1

(18)

2, j

2, j

1

14

2,

j

]}

(19)

where κ(2) and κ(4) are constants with values of .5 and .1 respectively. The terms in the jdirection are constructed in a similar manner.

3.3 Temporal integration scheme

The discrete governing equations (12) are integrated in time using the following
explicit, four-stage, Runge-Kutta algorithm (for k=1,2,3,4):

Qijk = Qijn − α k ∆tRijk −1

(20)

where Q (1) = Q n and Q ( 4 ) = Q n+1 , n denotes the current time level, αk are the RungeKutta coefficients (=1/4, 1/3, 1/2, and 1 for k=1,2,3,4), and ∆t is the time increment. The
above algorithm is second-order accurate in time and can be used to integrate the
governing equations in a time-accurate manner. In spite of the fact that it is explicit, and
thus imposes time-step limitations as compared to fully implicit procedures, the RungeKutta scheme is selected herein because it can take full advantage of parallel computer
architectures. The present algorithm does not involve matrix inversion operations and
can, thus, be parallelized very effectively and in a rather straightforward manner. The
resulting computer code is able to run very efficiently on multi-processor computer
architectures and, thus, the additional cost due to the increased number of time steps
required to simulate a given time interval (because of the stability restriction of the
explicit algorithm) is greatly offset by the drastic reduction of CPU time per time step.
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For steady-state computations, the convergence rate and thus the efficiency of the
explicit algorithm given by eqn. (20) can be greatly enhanced by implementing local
time-stepping, implicit residual smoothing and multigrid acceleration.

These

convergence enhancement measures are described in the subsequent sections.

3.3.1 Local Time Stepping
If only steady-state solutions are of interest, local time-stepping can be employed
to ensure that the damping properties of the iterative algorithm are optimized by
maintaining a constant Courant-Friedrich-Lewis (CFL) number at every grid node. The
local time steps are calculated as follows:

∆tij =

CFL
max ρ ( A) i , j , ρ ( B) i , j

[

]

(21)

At every grid node, the local time increment is updated once every time step and is
employed in place of ∆t in eqn. (20).

3.3.2 Implicit Residual Smoothing
The stability and robustness of the iterative algorithm given by eqn. (20) can be
greatly enhanced by implementing the implicit residual smoothing procedure proposed by
Jameson et al. (1981). The Runge-Kutta scheme with local time stepping and implicit
residual smoothing reads as follows:
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(

)

ℑ ∆Qijk = − α k ∆tij Rijk −1
Q k = Q n + ∆Q k

(22)
(23)

where ℑ is the implicit residual smoothing operator defined as follows:

ℑ( ) = (1− ε 1δ ξξ )(1− ε 2δ ηη )

(24)

and ε1 and ε2 are positive constants of order one and δξξ is the three-point, central, finite
difference operator for the second order derivative.

3.3.3 Multigrid Acceleration
A typical multigrid method applies an iterative scheme (the so-called smoother)
with good damping properties of the high frequency components of the error to
successively coarser grids. Since coarser grids allow the use of larger time-steps, the
resulting algorithm can efficiently damp the entire spectrum of error frequencies, thus,
yielding rapid convergence rates. Perhaps the most attractive feature of the multigrid
method is that, when properly formulated, its convergence rate does not depend on the
size of the system to be solved. In the present study, the non-linear Full Approximation
Storage Scheme (FAS) proposed by Brandt (1977) is employed in conjunction with the
multigrid strategy proposed by Jameson (1983, 1985) for the solution of the Euler
equations and applied to the depth-averaged equations. The overall method is described
below.
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Two coarsening strategies are commonly used to construct the series of
successively coarser grid required for the multigrid method.

In the full-coarsening

strategy, coarser grids are constructed by eliminating every other node in all coordinate
directions; whereas, in the semi-coarsening strategy only nodes in some of the coordinate
directions are eliminated. Starting with an estimate of the solution on the finest grid, the
flow variables are transferred (or restricted) to the coarser grid using injection, that is, a
transfer operator Ths, 2 h which picks flow variables at alternate points to define coarse grid
flow data as well as the coarse grid coordinates:

Q2( nh) = T2sh ,h Qh

(25)

where, the subscripts h and 2h denote fine and coarse grids, respectively. To prevent
errors introduced by solving the equations on the coarse grid from ultimately
contaminating the fine-grid solution, a forcing term ℘2 h is added to the coarse grid
equations:

℘2 h = T2rh,h Rh (Qh ) − R2 h (Q2( nh) )

where T2rh,h is the residual restriction operator.

(26)

This operator is computed using a

weighted average of all the h-grid nodes that surround a particular 2h-grid node as
follows:
T2rh ,h = µξ2 µη2
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(27)

where the operator µ2ξ averages the residual in the ξ-direction. In two dimensions, the
above operator is written as follows:

µξ2 µη2 [Rh (Qh )]i , j = 14 µ ξ2 [Rh Qh ]i , j −1 + 12 µ ξ2 [Rh Qh ]i , j + 14 µξ2 [Rh Qh ]i , j +1
1

(28)

which when expanded yields

µξ2 µη2 [Rh (Qh )]i , j = 161 Rh (Qh ) i −1, j −1 + 18 Rh (Qh ) i , j −1 +
1
16

1
4

Rh (Qh )i +1, j −1 + 18 Rh (Qh )i −1, j +
Rh (Qh )i , j + 18 Rh (Qh )i +1, j +

1
16

Rh (Qh )i +1, j −1 + 18 Rh (Qh )i −1, j +

1
16

Rh (Qh )i +1, j +1

(29)

With the forcing added to the Runge-Kuttta procedure, the algorithm used for the coarsegrid equations becomes
Q2kh = Q2( nh) − α k ∆t ij ℑ−1 ( R2kh−1 +℘2 h )

(30)

A V-cycle cycling strategy is used to characterize the order in which the data is
transferred from grid to grid. In the V-cycle, the equations are solved using the RungeKutta method on the h grid, and the data is injected to the 2h grid. The equations are then
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solved on 2h grid and injected to the 4h grid, and so on until the coarsest grid level is
reached.

Once the coarsest grid is reached, the solution on the coarsest grid must be

prolonged back to the h (fine) grid via the 2h grid before another time step can begin. If
Q2+h is the solution vector on the 2h grid that was prolonged from the 4h grid, then the

solution vector on the h grid is

Qh+ = Qh + I h, 2 h (Q2+h − Q2( 0h) )

(31)

where Ih,2h is an interpolation operator. The correction on the 2h grid is transferred to the
h grid via injection for common nodes. A simple averaging procedure is used for the
interpolation operator. To eliminate high-frequency errors that may be introduced by this
interpolation procedure, the interpolated solutions are smoothed using implicit residual
smoothing before being prolonged back to the fine grid. A smoothing operator can be
incorporated into the equation for Qh+ by writing

Q2+h = Qh + ∆Qh+, 2 h

(32)

∆Qh+, 2 h = ℑ−1[ I h , 2 h (Q +2 h − Q2( 0h) )]

(33)

where

and ℑ is the smoothing operator, which is used exclusively during prolongation.
A three-level V-cycle with subiterations is used in the present study for each time
step on the finest mesh. One iteration is performed on the h grid, two on the 2h grid, and
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three on the 4h grid. On all coarse meshes a constant-coefficient, first-order accurate,
second-difference artificial dissipation term is employed. This simplification does not
affect the accuracy of the fine grid solution—the forcing term introduced in the coarse
mesh equations ensures that coarse-mesh corrections are driven by fine mesh residuals—
but it enhances the robustness of the overall algorithm.

3.4 Boundary conditions

Boundary conditions are separated into two cases: supercritical and subcritical
flow conditions. For supercritical cases, at the inlet, the u (longitudinal) velocity, the v
(transverse) velocity , and the water depth h are all specified and do not change during
computations. At the outlet, all variables are extrapolated from the interior points. For
subcritical cases, at the inlet, the u and v velocities are specified and h is extrapolated
from the interior point. At the outlet the depth, h, is specified and the velocities u and v
are extrapolated from the interior points.
For both cases the channel side walls are treated in the same manner. Free-slip
boundary conditions are implemented by setting the contravariant velocity component
Uwall equal to U at the first interior point. The condition of no mass flow perpendicular
to the solid wall is then applied by setting the contravariant velocity component Vwall to be
zero. The water depth, h, is extrapolated from the interior points.
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4. Validation and Application of the Numerical Model

To validate the numerical model and demonstrate its predictive capabilities, we
applied it to simulate four cases for which experimental data have been reported in the
literature. These cases span all possible flow regimes, from supercritical to subcritical
flow, and simulate various types of channel geometries. The details for each case along
with comparisons of the computed results with both experimental studies and previous
numerical computations are described in the following section.

4.1 Case 1: Channel Expansion at F=2.0 (Rouse et al. 1951)

The computational grid for this case is shown in figure 1. The curved wall of this
channel is described by the following equation:

y 1æ x ö
÷
= ç
b1 2 çè 2b1 ÷ø

3/ 2

+

1
2

(34)

where b1 is the channel width and has a value of 10.0m at the entrance. The channel is
symmetrical about the horizontal centerline, so only the upper half portion is modeled and
symmetry boundary conditions are applied at y=0. The computational grid is 61 x 21.
The inlet water depth h1 is 1.0m and the Froude number (F=u/(gh)0.5) is 2.0. The value of
the Manning’s flow friction coefficient was 0.012 and the values of Sox and Soy of 0.0.
Figure 2 shows the comparison of the experimental water depth along the channel
axial distance (Rouse 1957) and the corresponding numerical model results. The
comparisons are satisfactory for both the curved line and the midstream line. The Froude
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number is supercritical throughout the flow field and, thus, the flow is accelerating as
expected. Some discrepancies between experiments and computations are only observed
along the curved wall of the channel near the exit, where the predicted water depth is
somewhat higher than measured.

As discussed in Panagiotopoulos et al. (2000),

however, this discrepancy should be attributed to the growth of the boundary layer along
the curved wall, a process that can not be modeled with the present inviscid model.
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Figure 1. Grid and channel geometry for Case 1.
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4.2 Case 2: 180-deg bend, Rc/B=1.5, F=0.338 (Rozovskii 1957)

This case represents the first of the two Rozovskii experiments discussed in this
report. The computational domain consists of a 6.0m long straight approach channel, a
180-degree bend with Rc/B=1.5 (where Rc is the mean radius of curvature and B is the
channel width), and a 3.0m long exit channel. The Manning’s n value used in this
simulation is 0.00925. The width to inlet depth radio is 0.075. The inlet depth is hinlet =
60mm and B is 0.8m. The velocity at the inlet is uniform and equal to 0.26m/s and the
Froude number is 0.338. The computations were performed on a grid, as seen in figure
3, with 124 x 21 nodes in the longitudinal and transverse directions, respectively.
Figure 4, shows the comparison between the calculated and measured longitudinal
water surface profiles along the inner and outer walls of the bend. As seen the numerical
simulations capture the general trends observed in the measurements with reasonable
accuracy, especially along the outer bank. Some discrepancies are observed, however,
along the inner bank where the model underestimates the measured water depth. It is
important to note that the present 2D results are actually very similar to those obtained by
Meselhe and Sotiropoulos (2000) for the same geometry using a fully 3D turbulent flow
numerical model with deformable free-surface. They too reported an underestimation of
the water depth along the inner bank and attributed this deficiency to the inability of their
turbulence model to resolve correctly the strength of the secondary motion, which is
responsible for redistributing momentum within the channel cross-section.
Figure 5 compares measured and calculated streamwise velocity profiles at several
streamwise sections upstream, within, and downstream of the bend. With only exception
the θ=0 section, where the model overestimates the velocity near the outer bank, the
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computed profiles are in very good overall agreement with the measurements.

The

discrepancies at the θ=0 section could be due to viscous effects due to the thickening of
the boundary layer along the straight upstream segment. Interestingly, the present results
are at least as good as the 3D, turbulent flow computations by Meselhe and Sotiropoulos
(2000). The fact that for such a complex flow the present model can yield results of
accuracy comparable to a full 3D model is very encouraging and suggest that the model
can be a powerful and very efficient tool for studying flow patterns in natural rivers.
The effect of the multigrid method in the convergence rate of the numerical
algorithm is demonstrated in Figure 6, which compares the convergence histories for the
single grid algorithm, multigrid with semi-coarsening, and multigrid with full coarsening.
As seen in this figure multigrid in conjunction with an optimal grid coarsening strategy
can accelerate the convergence to steady state by more than 50 percent.
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4.3 Case 3: 180-deg bend, Rc/B=1.0, F=0.114 (Rozovskii 1965)

The second channel geometry studied experimentally by Rozovskii is also a 180
degree bend but with considerably larger radius of curvature—Rc/B = 1.0. The depth-towidth ratio at the inlet is h/B = 0.075 and the Froude number at the inlet is 0.114. The
value of the friction coefficient is 0.005 and the calculations were performed on a 160 x
21 computational grid shown in figure 7. Rozovskii reported experimental measurements
for water surface profiles, surface elevation contours, and depth-averaged mean velocity
profiles.
In figure 8, we plot the variation of the water surface superelevation as a
percentage of the inlet depth, η, along the inner and outer banks of the channel.

The

figure includes the experimental results of Rozovskii, the present 2D simulations, and the
results of a fully 3D, turbulent flow calculation by Leschziner and Rodi (1979). Our
results are in reasonable agreement with the measurements along the outer bank. Along
the inner bank, on the other hand, our computations underpredict somewhat the measured
water depth, in a manner similar to that observed in the previous case (see figure 4).
Interestingly the 2D results are actually comparable to the 3D simulations of Leschziner
and Rodi (1979), with the 3D model performing better along the inner bank of the
channel. The inability of the 2D model to predict correctly the water depth near the inner
bank should be attributed to the strong secondary motion that develops within the bend
due to the transverse gradients of the water-surface elevation. The secondary motion is
direct from the outer to the inner bank along the bed and acts to transport low momentum
fluid toward the inner bank.
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Measured and computed depth-averaged streamwise velocity profiles are
compared with each other in figure 9. The calculations capture the general measured
trends with reasonable accuracy but the agreement with the measurements deteriorates
considerably near the inner bank as the exit of the bend is approached. The observed
overprediction of the velocity near the inner bank is in fact consistent with the
underprediction of the water depth in order for mass to be conserved. Once again these
discrepancies should be attributed to the three-dimensional effects of the secondary
motion, which can not be accounted for with a 2D model. Interestingly the numerical
model appears to perform better for the previous test case (compare figures 5 and 9) for
which the bend curvature is milder and, thus, the secondary motion should be weaker
than that generated within the present strongly curved bend.
Figure 10 shows a comparison of the surface elevation contours for the
experimental Rozovskii data, the three dimensional numerical Leschziner prediction, and
the two dimensional numerical model.

33

2

1.5

Y

1

0.5

0

Flow →

-0.5

-1
-0.5

0

0.5

1

1.5

2

2.5

3

X

Figure 7. Grid and channel geometry for Case 3.

34

3.5

6
3

η%

0

2D numerical model
Experimental (Rozovskii)
3D numerical model (Leschziner)

-3
-6
-9
-12

1

2

3

Distance along channel centerline (m)

Figure 8. Measured and predicted water surface profiles along the inner and outer banks
for Case 3. The symbol, η represents the water surface superelevation
relative to the inlet depth.

35

1.6

1.6

θ=0

1.4

Us/Vo

Us/Vo

1.4

1.2

1

0.8

0.6

0

0.25

1

0.5

0.75

0.6

1

0

0.25

0.5

r*

r*

(a)

(b)

0.75

1

1.6

θ=105

1.4

θ=135

1.4

1.2

Us/Vo

Us/Vo

1.2

0.8

1.6

1

0.8

0.6

θ=40

calculations
experiment

1.2

1

0.8

0

0.25

0.5

0.75

0.6

1

r*

0

0.25

0.5

0.75

1

r*

(c)

(d)

Figure 9. Measured and predicted depth-averaged streamwise velocity profiles at selected
cross-sections for Case 3, where r*=(r-rinner)/B.

36

η∗ h(mm)
3.1
2.5
2.0

0.9

-4.1
.3
-0

-1.
9

4
1.

1.4

3
-0 .

2.
0
B/h=13/33
B/Ro=1.0
Numerical model
(c)

0.9

0.9

Figure 10. Measured and predicted superelevation contours for Case 3: a) Rozovskii
experimental results, b) 3D numerical model (Leschziner 1979), c) 2D numerical model.

37

4.4 Case 4: Hydraulic jump in a diverging rectangular channel

With this test case we demonstrate the ability of the numerical model to capture
hydraulic jumps in open channel flows. The experiment was carried out by Khalifa
(1980) for the diverging channel configuration shown in figure 11. The supercritical flow
inlet conditions h, u, v were specified as 0.0976m, 1.94m/s, and 0m/s, respectively. At
the downstream end the flow is subcritical.

Boundary conditions for the velocity

components u and v were specified at the exit as 0.302m/s and 0.0m/s, respectively, while
the water surface elevation h was extrapolated from the interior points. The
computational grid can be seen in Figure 7a and consists of 61 x 21 grid nodes.
The calculated steady-state water-surface profile along the channel centerline is
compared with the experimental measurements of Khalifa (1980) in figure 12. The
numerical model captures correctly both the location of the jump and the overall change
in water depth across the jump. The main discrepancy between the computations and the
measurements is that the latter indicate a more gradual transition—i.e. the measured
thickness of the jump is somewhat larger than computed. This could be due to viscous
effects that would tend to spread the jump and are not accounted for in the present
numerical model.

We may also speculate that difficulties in obtaining accurate

experimental data across the jump (due to very strong turbulence at the water surface)
may also be partly responsible for the observed discrepancies. Note that the same case
was also computed by Younus and Chaudhry (1994) using a depth-averaged k-ε model.
In spite of the fact that their model accounted for viscous effects and turbulence, however,
their predictions (when they minimized artificial dissipation in their model) were
practically identical to the present results.
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5. Conclusions and Future Research

We developed a two-dimensional, depth-averaged numerical model for simulating
flows in natural river reaches.

The model is formulated in generalized curvilinear

coordinates so that the geometrical complexities of natural channels can be accurately
resolved using body-fitted coordinates.

Adaptive second- and third-order artificial

dissipation terms are introduced to capture hydraulic jumps and ensure that accurate
results can be obtained for all possible flow regimes. The discrete governing equations
are integrated in time using a four-stage, second-order accurate Runge-Kutta timestepping scheme. For steady-state computations, local time-stepping, implicit residual
smoothing, and multigrid acceleration are used to enhance the efficiency of the numerical
method.
The numerical model was validated by applying it to simulate a variety of open
channel flows for which experimental data and numerical results have been reported in
the literature.

For all cases computed, the present method yielded results in good

agreement with the measurements and previous numerical results from 2D and 3D
models. Notable discrepancies between predictions and simulations were only observed
for the strongly curved bend geometry.

These discrepancies, however, should be

attributed to the inability of the 2D model to account for three-dimensional effects and
serve to illustrate the range of applicability of 2D models to channel geometries involving
mild to moderate streamwise curvature. These discrepancies not withstanding, however,
the comparisons with the data demonstrated that the present model is a powerful tool for
accurate predictions of a variety of open-channel flow phenomena.
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Due to the unavailability of necessary data, the numerical model could not be
applied to the ACT and ACF basins as was originally intended. As we have already
discussed, however, the model has been developed to be general enough so that it is
readily applicable to natural channels. Application to river reaches in the ACT and ACF
basins will require access to detailed bathymetry data and discharge and water-surface
elevation measurements to be used for model calibration and validation. This objective
will be pursued as part of future work.
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municipal and industrial water supply, hydropower, flood control, water quality,
ecosystem protection, and recreation. The states of Alabama and Georgia have
spent about six years negotiating a water allocation agreement. Many observers
attribute the slow pace of the negotiation process to the absence of a shared set of
comprehensive decision support tools capable of assessing the impact of the
various water allocation proposals on the system. The objective of the AlabamaCoosa-Tallapoosa Decision Support System (ACT-DSS) project is to develop an
advanced simulation-optimization decision support system for the ACT basin that
can be used to assess the potential of the basin and investigate the impacts of
alternative water allocation and management scenarios. GWRI has made the
ACT-DSS available to the ACT stakeholders and has assisted them in using the
system effectively during the negotiation process. Beyond the water allocation
negotiation phase the model can be used to support water management.
Methodology
The Alabama-Coosa-Tallapoosa (ACT) Decision Support System consists of
three main components: (1) a streamflow forecasting module, (2) a reservoir
control component, and a (3) policy assessment module. The purpose of the
streamflow forecasting component is to predict upcoming reservoir inflow and
provide an appreciation of the forecast uncertainty through multiple forecast
traces. The ACT-DSS inflow forecast model will generate forecast traces at all
system nodes based on the statistical similarities of past inflows and those of the
historical record. The second component of ACT-DSS is dedicated to reservoir
control. Due to the need to satisfy multiple water uses over different time scales,
this component includes three modules: (1) a turbine commitment and load
dispatching module applicable to each hourly time step, (2) a short range control
model operating on hourly time steps over a period of one week, and (3) a
mid/long range control model operating on weekly time steps over a period of
several months. This model configuration aims at generating system wide
reservoir release policies subject to a set of specified constraints. The optimization
operations are carried out by the Extended Linear Quadratic Gaussian (ELQG)
control method. The three modules of the reservoir control component constitute a
multi-level control hierarchy with an operational flow that follows two directions:
the lower modules are activates first and generate information regarding
performance functions and bounds. The mid/long range module uses these
functions to develop system-wide reservoir management policies that satisfy the
stated constraints and objectives. Once the long term policies have been
identified, the lower level models can be activated again to determine the best
turbine operation and loads implementing these decisions consistently across all
relevant time scales. The last element of the ACT-DSS is the policy assessment
component. Its purpose is to replicate the actual weekly operations of the ACT

system under various water allocations policies and operational scenarios.
Namely, at the beginning of each week of the simulation horizon, this component
invokes the inflow forecasting and reservoir control components, determines the
most appropriate reservoir releases, simulates the response of the system for the
upcoming week, and repeats this process at the beginning of the following
decision time. At the completion of the forecast-control-simulation process, the
program generates sequences of all system performance measures. These
sequences can be used to compare the benefits and consequences of alternative
water allocation and operation policies.
Principal Findings and Significance
At the request of the U.S. Environmental Protection Agency, GWRI has
conducted scenario assessment of the water allocation agreement determined by
the states of Alabama and Georgia. The results of this analysis have been
presented to the Federal Commissioner and Federal Agencies responsible for
reviewing the inter-state agreement to insure that it complies with applicable
federal law. These parties have found the assessment results to be very useful in
their review. Moreoever, U.S. Representative Bob Barr (of the 7th Congressional
District of Georgia) and several other state and local government entities have
requested the assessment results. Significant press coverage has been granted to
the study in newspapers throughout Georgia and Alabama as well as the
Associated Press and an Atlanta television station. The eventual impacts of the
project are still to be determined as the negotiation process is still underway.
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FINAL REPORT TO THE GEORGIA WATER RESOURCES INSTITUTE
Ribotype Source Library of Escherichia coli Isolates from Georgia
March 1, 2000 to February 28, 2001
Peter G. Hartel
Dept. of Crop & Soil Sciences
University of Georgia
Athens, GA 30602-7272
Problem and research objective
Fecal coliforms consist of several bacterial genera from the family Enterobacteriaceae
that can grow on a selective medium at 44.5˚C for 24 hours. Fecal coliforms normally inhabit
the intestinal tract of warm-blooded animals and their presence in soil or water is a good
indicator that the soil or water was contaminated by bacterial pathogens. For example, when
numbers of fecal coliforms exceed 2,000 per 100 mL of water, the likelihood of bacterial
pathogens in the water is 98.1% (Geldreich, 1970). Fecal coliform counts are typically used to
monitor Georgia's recreational waters.
One of the most vexing problems in isolating fecal coliforms from water samples is not
knowing the host origin of these bacteria. In the past, the only way to identify the host origin of
a bacterium was to observe the bacterium's various phenotypic markers (i.e., characteristics
expressed by the bacterium, like antibiotic resistance). The main problems with using
phenotypic markers are their lack of reproducibility and lack of discriminatory power (ability to
distinguish two closely related strains). However, in recent years, it has become possible to
identify the host origin of a bacterium based on its DNA. This alternative method, called
genotyping, not only has increased reproducibility, but also has increased discriminatory power.
The most common of these genotypic methods include chromosomal DNA restriction analysis,
plasmid typing, pulsed field gel electrophoresis, various polymerase chain reaction (PCR)
methods, and ribotyping (Farber, 1996).
Each genotypic method has its advantages and disadvantages with respect to strains that
can be typed, reproducibility, discriminatory power, ease of interpretation, and ease of
performance. In this report, the genotypic method selected was ribotyping. Ribotyping is based
on ribosomal RNA (rRNA). Ribosomal RNA is present in all bacteria, and is composed of
three species, 5S, 16S, and 23S. The DNA in the bacterium that encodes for these three species
of rRNA is usually present in 2 to 11 copies and is highly conserved (does not mutate; Grimont
and Grimont, 1986). In ribotyping, the DNA is isolated from the bacterium and cut with a
special enzyme that only recognizes certain DNA sequences (i.e., a restriction enzyme). The
DNA is electrophoresed in a gel and the DNA transferred to a nylon membrane (this is called
Southern blotting). The membrane is probed with a chemiluminescent copy of the 5S, 16S,
and 23S portions of the DNA and, when properly treated, the membrane gives a pattern that
can be scanned with an imager. As a method for distinguishing a subspecies of a bacterium,
ribotyping is considered to have excellent reproducibility, good discriminatory power, excellent
ease of interpretation, and good ease of performance (Farber, 1996).
Here, the fecal coliform selected for ribotyping was Escherichia coli. This bacterium was
selected for five reasons. First, as a fecal coliform, E. coli is accepted by the American Public
Health Association as a good indicator of pathogenic bacteria (Clesceri et al., 1998). Second,
most environmental ribotyping has been done with this bacterium. As a result, the
methodology for ribotyping this bacterium is established. Third, there is good scientific
evidence that specific strains of E. coli are associated with different host species (e.g., Amor et
al., 2000). Fourth, E. coli does not exist as a stable population in the environment unless the
source of contamination is persistent. Fifth, E. coli is easy to isolate and easy to manipulate
genetically.
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With an extensive library of E. coli ribotypes from Georgia, one should be able to isolate
E. coli from any water source (as well as from other sources, like soil) in Georgia and identify the
host origin of that E. coli isolate. To develop this library, a large number of E. coli isolates must
be obtained from warm-blooded animals and ribotyped. An isolate of E. coli from a water source
can then be ribotyped and compared to the source library to identify its host.
Therefore, the objective of the research was to construct a ribotype source library of E.
coli isolates from a wide variety of warm-blooded animals in Georgia in order to determine the
host origin of E. coli isolates from Georgia waters. However, in addition to obtaining E. coli
isolates from Georgia, isolates were also obtained from a) Idaho in order to assess the
biogeographic variability of the E. coli ribotypes, and b) the Chattahoochee River under
conditions of wet weather and base flow conditions in order to assess the biodiversity of E. coli
ribotypes under these conditions.
Methodology
Selection and identification of E. coli isolates from various host sources in Idaho and Georgia
Isolates of E. coli were obtained directly from the animal feces of cattle, horse, and swine in the
vicinity of Kimberly, Idaho, and Athens, Brunswick, and Tifton, Georgia (Fig. 1).

Fig. 1. Location and distance among the four sampling sites in Georgia and Idaho. At each
location, isolates of E. coli were obtained from cattle, horse, and swine.
Because Georgia is ranked first in the United States for broiler production (Georgia
Agricultural Statistics Service, 1999), E. coli isolates were also obtained from poultry in the
three Georgia locations. Whenever possible, at least 25 isolates from each species at each
location was obtained. Fresh feces were sampled with a culture swab containing Cary–Blair
medium (Becton Dickinson, Sparks, MD). Swabs were kept on ice for a maximum of 24 h
before streaking the swab on 5-cm petri dishes containing mTEC medium (Difco Laboratories,
Sparks, MD). Plates were incubated submerged in a water bath at 44.5±0.2°C for 24 h
according to Standard Methods (Clesceri et al., 1998). Yellow isolates were randomly selected,
streaked onto tryptic soy agar (Difco), and incubated at 35°C for 24 h. The streaking was
repeated twice to ensure the purity of each isolate. Each isolate was inoculated into a multiwell
tissue culture plate containing separate 1-mL slants of Simmons citrate and urea agar (both
Difco). Three bacterial species obtained from the American Type Culture Collection (ATCC;
Manassas, VA), Escherichia coli ATCC #11775 (citrate negative, urea hydrolysis negative),
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Klebsiella pneumoniae ATCC #13883 (citrate positive, urea hydrolysis positive), and Enterobacter
aerogenes ATCC #13048 (citrate positive, urea hydrolysis negative), were the controls. Isolates
that were both citrate- and urea hydrolysis-negative were subjected to an oxidase test
(MacFaddin, 1976). Isolates that were oxidase negative were considered E. coli and kept for
long-term storage. To do this, a loopful of each isolate (approximately 40 mg) was removed from
the tryptic soy agar plate, placed in a mixture of saline–phosphate (NaCl, 8.5 g L-1, K2HPO4,
0.65 g L-1; KH2PO4, 0.35 g L-1; pH 7.0; 700 µL), glycerol (100 µL) and dimethyl sulfoxide (100
µL), and stored at –70°C.
Selection and identification of E. coli isolates from the Chattahoochee River
The study area was a 77-km reach of the Upper Chattahoochee Watershed (Fig. 1).
There were a total of twelve sampling sites, consisting of eight tributary sites and four
Chattahoochee River sites. This reach of the Chattahoochee was selected because it is one of
the most heavily used rivers in Georgia, serving as a resource for drinking water, recreation, and
wastewater assimilation for much of metropolitan Atlanta. According to the Georgia
Department of Natural Resources (1997), 67 of 77 stream reaches assessed in metropolitan
Atlanta did not meet or only partially met water quality standards. Excessive numbers of fecal
coliform bacteria were a contributing factors in 63 of these 67 streams. Generally, median
numbers of fecal coliforms in the water increase steadily from <20 Most-Probable-Number
(MPN) per 100 mL below Buford Dam to 790 MPN per 100 mL downstream of metropolitan
Atlanta (Gregory and Frick, 2000).

Fig. 2. Location of the sampling sites, comprising eight tributary streams (closed circles) and four
main stem sites (closed squares) of the Upper Chattahoochee River Watershed, Georgia. The
tributaries and main stem sites encompass the Chattahoochee River National Recreation Area.
The northwest and southeast boundaries represent the limits of the Chattahoochee River Basin.
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Water sampling
Water samples for base flow and wet weather conditions were collected on 22 Feb 2000
and 2 Apr 2000, respectively. With the exception of James Creek during wet weather
conditions, all samples were collected with isokinetic, depth-integrated samplers (Models D-77,
DH-59, DH-81, or DH-95, U.S. Geological Survey Hydrological Instrumentation Facility,
Stennis Space Center, MS). All samples from the mainstem of the Chattahoochee River during
base flow and wet weather conditions were sampled from a bridge or boat. With the exception
of James Creek during wet weather conditions, all samples from the tributaries were sampled by
wading during base flow conditions and from bridges during wet weather conditions. During wet
weather conditions, James Creek was sampled with a grab sample because flow conditions made
it unsafe for wading.
Surface water samples were collected according to U.S. Geological Survey protocols
(Myers and Wilde, 1999; Wilde et al., 1999). Briefly, approximately 1 to 3 L of water was
collected at each site on each sampling date. At each sampling site, the width of the river or
tributary was measured and divided into at least five equal increments. At each of these points,
one sample was collected continuously from the surface to a point near the bottom. All the
samples at one site were composited. In this manner, one depth-integrated, equal-widthincrement sample was obtained from each site, eliminating much of any horizontal and vertical
sampling bias.
Samples were transported from streams to the laboratory on ice in coolers and were
processed within 6 hours. Each 10- and 100-mL water sample was passed through separate 0.45µm filters, each filter was placed on 5-cm petri dish containing mTEC medium as mentioned
previously.
DNA extraction and quantification
Isolates of E. coli were streaked on tryptic soy agar and incubated at 35°C for 24 h. A
single clone was inoculated into 10 mL of Luria-Bertani broth (pH 7.5; Sambrook et al., 1989)
contained in a 16 by 150 mm test tube and placed on a rotating shaker at 75 rpm at 35°C. After
18 h, a 2.0-mL sample was removed and the DNA extracted with a commercial kit (Qiagen
DNeasy, Qiagen, Valencia, CA). A portion of the DNA was mixed with Hoechst Dye #33258
(Amersham Pharmacia Biotech, Piscataway, NJ) according to the manufacturer's directions and
was quantified with a fluorometer (DynaQuant DQ200, Amersham Pharmacia Biotech). DNA
from E. coli strain B (Sigma Chemical Co., St. Louis, MO) was the standard.
Ribotyping of E. coli isolates
Separate 1-µg samples of E. coli DNA were digested overnight, one with the enzyme
EcoRI and the other with PvuII, both according to the manufacturer's specifications (Roche
Molecular Biochemicals, Indianapolis, IN). The digested DNA was stained with bromphenol
blue–xylene cyanole tracking dye (Sigma) and was electrophoresed in a 1.0% agarose gel at 58
volts for 3 hours. The gel was run submerged in TAE buffer (40 mM Tris-Acetate and 1 mM
EDTA; FisherBiotech, Fair Lawn, NJ) in an horizontal gel rig (12 by 14 cm gel size, Easycast™
Model B2, Owl Separation Systems, Portsmouth, NH) with a power supply (Model EC105, E-C
Apparatus Corp., Holbrook, NY). Digoxigenin-labeled (DIG-labeled) Molecular Weight
Marker III (Roche), consisting of λ DNA cleaved with the restriction enzymes EcoRI and
HindIII, occupied every fifth lane of the gel. Additional lanes were no DNA (control) and
DNA from the E. coli ATCC #11775. The DNA in the gel was denatured with a solution
containing 0.5 M NaOH and 1.5 M NaCl, and was neutralized with a buffer containing 0.5 M
Tris–HCl and 1.5 M NaCl (pH 7.0). The DNA was transferred to a nylon membrane (Nytran
supercharged membrane, Schleicher and Schuell, Keene, NH) with a vacuum blotting system
(VacuGene™ XL, Pharmacia Biotech) as per the manufacturer's directions. The DNA on the
membrane was crosslinked with 120 MJ cm-2 of UV light (Model XL-1000 Spectrolinker,
Spectronics Corporation, Westbury, NY). The membrane was covered in prehybridization
buffer containing formamide (50 ml per 100 mL of water) and placed in a hybridization oven
(Model HB-1D, Techne Inc., Princeton, NJ) at 42 °C for 2 h. Following prehybridization, the
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DNA was hybridized with a DIG-labeled probe at 42 °C overnight. To prepare the DIG-labeled
probe, total E. coli ribosomal RNA (Sigma) was reverse transcribed with reverse transcriptase,
hexanucleotide mix, and dNTP (all Roche) into cDNA according to the manufacturer’s
instructions. To inactivate all RNases during the DIG-labeling, all distilled water in the
reaction was treated with diethylpyrocarbonate (1.0 mL L-1; Sigma). The distilled water–diethyl
pyrocarbonate mix was incubated overnight at 37°C before autoclaving at 121 °C for 2 h.
To prepare the membranes for chemiluminescence, membranes were washed twice for 5
min in 2X SSC (0.3 M NaCl and 0.03 M sodium citrate)–0.1% sodium dodecyl sulfate (1.0 mL
L-1; SDS) at 42°C, and twice for 15 min with 0.5X SSC–0.1% SDS at 55°C. Washed
membranes were treated with washing buffer (pH 7.5) containing Tween 20 (3.0 mL L-1),
maleic acid (0.1 M), and NaCl (0.15 M) for 1 min at room temperature (20 to 22 °C), and
incubated on an orbital shaker for 1 hour in 1X blocking buffer containing blocking reagent
(Roche) and maleate buffer (0.1 M maleate and 0.15 M NaCl; pH 7.5). Membranes were
incubated in the same buffer amended with 1:10,000 dilution of anti-DIG alkaline phosphatase
Fab fragments (Roche). The membranes were treated twice with washing buffer for 15 min at
room temperature and treated with 100 mM Tris Base–100 mM NaCl (pH 9.5) for 2 min.
Membranes were placed between acetate page protectors and a chemiluminescent substrate for
alkaline phosphatase was added (CSPD, Roche). Membranes were imaged (Model
FluorChem™ 8000, Alpha Innotech, San Leandro, CA) and images saved as a TIFF file. TIFF
files were imported into GelComparII (Applied Maths, Kortrijk, Belgium) for analysis.
Typically, gels showed 9 to 11 bands for EcoRI and 9 to 11 bands for PvuII; this was considered
sufficient for good discrimination among ribotypes. DNA fragments <1375 base pairs were also
discarded because they were often indistinct. Lanes were normalized within the gel with DIGlabeled Molecular Weight Marker III and variations among the gels were assessed with the E.
coli ATCC #11775 strain. Optimization (shift allowed between any two patterns) and tolerance
(maximum distance allowed between two band positions on different patterns) were each set at
1.00%. Similarity indices were determined using Dice’s coincidence index (Dice, 1945) and the
distance among clusters calculated using the unweighted pair-group method using arithmetic
averages (UPGMA). Based on variability of the inter-gel E. coli control, banding patterns had
to be greater than or equal to 90 percent similar to be considered the same ribotype.
Principal findings and significance
The objective of the project was to obtain the ribosomal DNA fingerprint (ribotype) of
1,000 isolates of E. coli from the feces of a wide variety of warm-blooded animals, including
humans, from four locations in the State of Georgia. We have ribotyped 2,000 isolates of E. coli
(Table 1; next page). Although the proposal stated that we would put the ribotype patterns on
the web, we have refrained from doing so because of their high monetary value. The complete
list of the ribotyped isolates is available from the author.
With regards to biogeographic variability, total of 568 E. coli isolates from Kimberly,
Idaho (125 isolates), and Athens (210 isolates), Brunswick (102 isolates), and Tifton, Georgia
(131 isolates) yielded 211 ribotypes for an isolate:ribotype ratio of 2.7:1. The percentage of
ribotype sharing within an animal species increased with decreased distance for cattle and
horses, but not for swine and poultry. The maximum percentage of ribotype sharing was 20%.
When the E. coli ribotypes among the hosts were compared at one location, the percent of
unshared ribotypes was 86, 89, 81, and 79% for Kimberly, Athens, Brunswick, and Tifton,
respectively. These data suggest that there is good ribotype separation among host animal
species at one location, and that the ability to obtain good host origin matching depends on a
large number of isolates and a distance <175 km for certain host animal species.
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Table 1. Host animal species and number of E. coli isolates ribotyped from each species. All
isolates are from Athens, Atlanta, Brunswick, or Tifton, Georgia.
Species
Bear
Beaver
Cattle
Deer
Dog
Duck
Emu
Fox
Geese
Goat
Horse
Human
Ostrich
Poultry
Rabbit
Rhea
Seabirds
Sheep
Swine
Total

Number of Isolates
11
5
879
230
52
3
3
4
54
74
106
185
3
156
2
3
36
68
126
2000

With regards to ribotype diversity in the Chattahoochee River under wet weather and
base flow conditions, a total of 630 E. coli isolates was obtained from water samples collected
during synoptic surveys of eight tributaries and four main stem sites from February to April 2000.
Synoptic surveys targeted base flow and wet weather conditions. During base flow conditions,
there was a total of 162 ribotypes (239 isolates), of which 97 (125 isolates) were unique; during
wet weather conditions, there was a total of 86 ribotypes (107 isolates), of which 57 (69 isolates)
were unique. To be unique, a ribotype could only be observed in one location during base flow
or wet weather conditions. The large number of unique ribotypes suggests that considerable
ribotype heterogeneity exists, and that a large number of E. coli isolates is needed to obtain a
representative sample of ribotypes from watersheds with complex land use patterns and varied
flow conditions.
Publications resulting from the project
Journal articles (submitted or in preparation)
Hartel, P. G., J. D. Summer, J. L. Hill, J. V. Collins, J. A. Entry, and W. I. Segars. 2001.
Biogeographic variability of Escherichia coli ribotypes from Idaho and Georgia. J. Environ.
Qual. (submitted)
Hartel, P. G., A. L. Funk, J. D. Summer, J. L. Hill, E. A. Frick, and M. B. Gregory. 2001.
Ribotype diversity of Escherichia coli isolates from the Upper Chattahoochee River
Watershed in Georgia. J. Environ. Qual. (in preparation).
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Abstracts (in print)
Funk, A. L., M. B. Gregory, E. A. Frick, and P. G. Hartel. 2000. Microbial source tracking using
ribosomal RNA typing in the Chattahoochee River National Recreation Area Watershed,
Metropolitan Atlanta, Georgia—Study design and preliminary results. Building capabilities
for monitoring and assessment in public health microbiology, U. S. Geological Survey,
March 14-16, Columbus, OH.
Godfrey, D. G., and P. G. Hartel. 2001. Geographic variability of Escherichia coli ribotypes from
swine feces in Georgia and Idaho. National Conference on Undergraduate Research, March
15-17, Lexington, KY.
Hartel, P. G., J. D. Summer, W. I. Segars, and J. Entry. 2000. Geographic variability of
Escherichia coli from cattle and swine. American Society of Agronomy Meetings, November
5-9, Minneapolis, MN.
Hartel, P. G., A. L. Funk, J. D. Summer, J. L. Hill, E. A. Frick, and M. B. Gregory. 2001.
Ribotype diversity of Escherichia coli isolates from the Upper Chattahoochee River
Watershed, Georgia. American Society for Microbiology, May 20-24, Orlando, FL.
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Problem and Research Objectives
The Nile River Basin is spread over ten countries covering an area of 3.1 million km2 or
approximately 10 percent of the African continent. The river discharge per unit drainage
area is small, and almost all Nile water is generated from only 20 percent of the basin,
while the remainder is in arid or semi-arid areas. Each region of this large watershed has
distinct hydrologic features, water use requirements, and development opportunities.
This project is a collaborative effort among the Nile Basin countries, the Food and
Agriculture Organization of the United Nations, and GWRI that has two primary
objectives:
• Develop a comprehensive decision support tool to support the information needs of
the Nile Basin stakeholders, and
• Transfer the decision support tool technology and associated knowledge base to the
Nile Basin engineers and planners.

Methodology
The Nile Basin Decision Support Tool (NBDST) is composed of the following modules:
• Database: Data covering the entire basin for meteorology, hydrology, soil, terrain,
land cover/land use, socio-economics, and infrastructure are to be compiled and
assimilated into a user accessible database that includes GIS and presentation
capabilities.
• Remote sensing of precipitation: Visible and infrared signals as received by geostationary satellites allow for estimation of precipitation where no ground
measurements exists.
• Agricultural planning: Using detailed models of crop physiology and novel
irrigation scheduling methods, a user can evaluate various scenarios of agricultural
development to assess irrigation needs, food production, economic tradeoffs, etc.
• Watershed hydrology: The rainfall-streamflow response of sub-watershed in the
river basin is modeled for purposes of streamflow prediction, reservoir inflows, soil
moisture estimation, etc.
• River simulation and reservoir management: Optimized control processes are
applied to the reservoirs in the basin for purposes of determining tradeoffs under
various management scenarios. Objectives such as hydropower, irrigation, domestic
water supply, and ecological integrity are assessed in their relationship vis-à-vis
each other.
Technology transfer will occur through training seminars given by GWRI personnel in
the Nile Basin and through extended training periods for Nile Basin personnel resident at
GWRI.

Principal Findings and Significance
The NBDST project has commenced in May of 2001. Thus, there are as yet no
significant results to report. Work has begun on data assimilation and software
development. Dr. Aris Georgakakos, GWRI Director, has traveled to the Nile Basin to
meet with professionals there to discuss project planning aspects. Project findings will be
reported in future Annual Reports.
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The Apalachicola-Chattahoochee-Flint River Basin Management Workshop was held
October 13, 2000, in Atlanta, Georgia. This one-day event was co-sponsored by GWRI
and the Upper Chattahoochee Riverkeeper, a citizens interest group. The focus of the
event was on relating to non-technically trained stakeholders the various technical tools
being used in the ACF compact negotiation process. Speakers at the workshop included
the following:
Mr. James Hathorn, U.S. Army Corps of Engineers
Mr. Steve Leitman, Northwest Florida Water Management District
Mr. Jerry Ziewitz, U.S. Fish and Wildlife Service
Dr. Aris Georgakakos, GWRI
Mr. Todd Hamill, National Weather Service
There were approximately 50 persons in attendance, and these persons came from a wide
range of interests and groups. Representatives of state governments, federal agencies,
private consultants, academic institutions, private companies, environmental advocates,
and local interest groups were all in attendance. Positive feedback was received from the
workshop attendees.
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Decision Support System, Reservoir Control and Operation, Water Resources
Descriptors: Management and Planning, Flood and Drought Management, Hydropower,
Remote Sensing, Agricultural Planning, International cooperation
Lead Institute: Georgia Water Resources Institute
Principal
Aris Peter Georgakakos
Investigators:

Publication

The Lake Victoria Decision Support System (LVDSS) Advanced Training Program was
conducted from August 1st to December 31st, 2000. This program was sponsored by the
Governments of Kenya, Tanzania, and Uganda, and the World Bank. Six professionals
from the East African nations named above were in residence at Georgia Tech for
advanced training in the use of the LVDSS computer software and the various
methodologies behind the system. These trainees conducted various case studies of
interest to their respective home countries and acquired appropriate knowledge to train
others in the LVDSS usage and methodology. As a follow-up to this training program, a
seminar was held in Entebbe, Uganda, in June 2001, to present the trainees’case studies
and educate others about LVDSS capabilities.
The LVDSS was developed by GWRI under contract to the Food and Agriculture
Organization of the United Nations in a project that took place between September 1997
and July 1999. It is a computer software system for comprehensive water resources
planning and management for the Lake Victoria basin in East Africa. LVDSS database
capabilities include GIS-based representations of meteorology, streamflow, soils, terrain,
land cover, and socio-economic data. The application modules in the LVDSS include
Remote Sensing of rainfall by satellite estimation procedures, Hydrologic Modeling,
Agricultural Planning, Optimization of Hydroelectric Turbine Scheduling, and Reservoir
Management.

Basic Information
Title: GWRI Continuing Education Courses
Start Date: 3/1/2000
End Date: 2/28/2001
Descriptors: Continuing education, Professional development, Technology transfer
Lead Institute: Georgia Water Resources Institute
Principal Investigators: Aris Peter Georgakakos

Publication

GWRI sponsored 3 continuing education course offerings in the past year and is
continuing this important information transfer program in the current year with one
course already scheduled. The courses offered include:
•
•
•
•

Embankment Dam Design (February 2000)
Monitoring Dam Safety (June 2000)
Computational Fluid Dynamics for Complex Turbulent Flows (May 2001)
Hydrologic Engineering for Dam Design (October 2001)

These courses are intended as professional development activities and do carry
appropriate continuing education unit (CEU) and professional development hours (PDH)
credits.
In addition to these offerings, GWRI staff are at work on development of new continuing
education courses, especially for geographic information systems (GIS) applications in
hydrology and water resources. A survey has been placed on the GWRI website to
measure public interest in courses of this type.

USGS Summer Intern Program

Student Support
Student Support
Category

Section 104
Base Grant

Section 104
RCGP Award

NIWR-USGS
Internship

Supplemental
Awards

Total

Undergraduate

1

5

0

0

6

Masters

0

1

0

0

1

Ph.D.

2

1

1

5

9

Post-Doc.

0

0

0

0

0

Total

3

7

1

5

16

Notable Awards and Achievements
GWRI graduate student Mr. Stephen Bourne received the 2001 ASCE Freeman Fellowship of $3000
for his Ph.D. thesis study of drought forecasting and mitigation in the Southeastern U.S. This research
topic is especially timely as the region (including all of Georgia) has suffered a severe drought from
approximately spring of 1998 to the present.

Publications from Prior Projects
1. Weber, D., 2000, "Relative Contribution of Sediment from Upland and Channel Erosion," M.S.
Thesis, School of Civil and Environmental Engineering, Georgia Institute of Technology.
2. Brumbelow, K., and A. Georgakakos. 2001. "An Assessment of Irrigation Needs and Crop Yield
for the United States under Potential Climate Changes." Journal of Geophysical Research Atmospheres. in press.

