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ABSTRACT 

 

Management and operation of dams within the Columbia River Basin (CRB) provides the region with 

irrigation, hydropower production, flood control, navigation, and fish passage.  These various system-

wide demands can require unique dam operations that may result in both voluntary and involuntary spill, 

thereby increasing tailrace levels of total dissolved gas (TDG) which can be fatal to fish.  Appropriately 

managing TDG levels within the context of the systematic demands requires a predictive framework 

robust enough to capture the operationally related effects on TDG levels.   

 

Development of the TDG predictive methodology herein attempts to capture the different modes of hydro 

operation, thereby making it a viable tool to be used in conjunction with a real-time scheduling model 

such as RiverWare.  The end result of the effort will allow hydro operators to minimize system-wide TDG 

while meeting hydropower operational targets and constraints.                            

 

The physical parameters such as spill and hydropower flow proportions, accompanied by the 

characteristics of the dam such as plant head levels and tailrace depths, are used to develop the 

empirically-based prediction model.  In the broader study, two different models are developed – a 

simplified and comprehensive model.  The latter model incorporates more specific bubble physics 

parameters for the prediction of tailrace TDG levels.  The former model is presented herein and utilizes an 

empirically based approach to predict downstream TDG levels based on local saturation depth, spillway 

and powerhouse flow proportions, and entrainment effects.  Representative data collected from each of 

the hydro projects is used to calibrate and validate model performance and the accuracy of predicted TDG 

uptake.  ORNL, in conjunction with IIHR - Hydroscience & Engineering, The University of Iowa, carried 

out model adjustments to adequately capture TDG levels with respect to each plant while maintaining a 

generalized model configuration.  Validation results indicate excellent model performance with 

coefficient of determination values exceeding 92% for all sites.  This approach enables model extension 

to an increasingly wider array of hydropower plants, i.e., with the proper data input, TDG uptake can be 

calculated independent of actual physical component design.   

 

The TDG model is used as a module in the systematic optimization framework of RiverWare, a river and 

reservoir modeling tool used by federal agencies, public utility districts, and other dam owners and 

operators to forecast, schedule, and manage hydropower assets.  The integration and testing of the TDG 

module within RiverWare, led by University of Colorado’s Center for Advanced Decision Support for 

Water and Environmental Systems (CADSWES), will allow users to generate optimum system schedules 

based on the minimization of TDG.  Optimization analysis and added value will be quantified as system-

wide reductions in TDG achieved while meeting existing hydropower constraints. 

 

Future work includes the development of a method to predict downstream reservoir forebay TDG levels 

as a function of upstream reservoir tailrace TDG values based on river hydrodynamics, hydro operations, 

and reservoir characteristics. Once implemented, a holistic model that predicts both TDG uptake and 

transport will give hydropower operators valuable insight into how system-wide environmental effects 

can be mitigated while simultaneously balancing stakeholder interests.     
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1. BACKGROUND AND INTRODUCTION 

Total dissolved gas (TDG) supersaturation in waters released at hydropower dams can cause gas bubble 

trauma in fish, resulting in physical injury and eyeball protrusion that can lead to mortality. Elevated TDG 

concentrations at hydropower facilities are generally caused by the entrainment of air in spillway releases 

and the subsequent exchange of atmospheric gasses into solution during the transport of bubbles through 

the stilling basin. TDG refers to the total amount of dissolved gases present in water. Elevated TDG is 

recognized as a serious problem on the Columbia and Snake Rivers where, in the 1960’s, it first became 

evident that TDG supersaturation caused gas bubble disease (GBD) in numerous fish species present in 

the Columbia River Basin (Ebel 1969). The effect of TDG supersaturation is complex and depends 

principally on TDG concentration, exposure time, fish life stage, and swimming depth of the fish (Stroud 

et al. 1975, Weitkamp and Katz 1980, Bouck 1980). An early review of the gas supersaturation problem 

in the Columbia River basin is found at USEPA (1971). Comprehensive reviews of studies found in the 

literature related to biological effects of TDG on fish are documented in Weitkamp (2008a, 2008b). 

In the northwestern U.S., dam operations are constrained by state and federal water quality standards for 

TDG saturation, which help balance the benefits of spillway operations designed for Endangered Species 

Act (ESA)-listed fisheries with the need to maintain adequate water quality. In the 1970s, the United 

States Environmental Protection Agency (USEPA), under the federal Clean Water Act (Section 303(d)), 

established a criterion to protect freshwater and marine aquatic life, stating hydropower tailwaters cannot 

exceed the TDG supersaturation level of 110%. The states of Washington and Oregon have adopted water 

quality standards for TDG saturation in the tailrace and forebays of hydropower facilities on the 

Columbia and Snake Rivers where spillway operations support fish passage objectives. 

TDG production depends on a progression of complex processes. The large energy introduced by 

spillway flows, mostly dissipated in the stilling basin and adjoining tailwater channel, introduces massive 

amounts of bubbles and creates energetic waves and sprays. When bubbles are carried down to deep, 

high-pressure regions of the stilling basin, the increased solubility of air in water promotes air transfer 

from bubbles into water. In these deep regions, the bubble size distribution is in constant flux due to both 

dissolution and compression. The amount of air entrained on the spillway and during plunging of spillway 

flows, the breakup and coalescence of entrained bubbles, and the rate of mass transfer between bubbles 

and water are all variables that affect TDG production. As an additional complexity, the TDG distribution 

downstream of dams is strongly coupled with the hydrodynamics in the tailrace and river downstream. A 

lateral gradient of TDG is frequently observed in tailraces due to the location of the spillway or operation 

of the dam. Mixing with powerhouse flows can play an important role in the resulting TDG profile 

downstream of the dam. Degasification at the free surface can also be important in the routing of TDG in 

the reservoir from project to project. 

Predicting TDG production and behavior is a challenge. There are several quantitative 

assessments/methodologies for predicting TDG based on physical (mechanistic) and empirical 

methodologies.  The various physically based models rely on a wide array of input parameters ranging 

from small-scale bubble mass transfer quantities involving bubble diameters, gas void ratios, kinetic 

energies and viscosities, diffusion coefficients, and surface tension to larger-scale parameters like stilling 
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basin depths, spillway widths, water depths, spillway and total flows, and hydraulic head.  Some models 

are based on mass transfer of air bubbles into the water and through direct air-water surface gas transfer.  

Urban et al. (2008) presented a model to predict TDG saturation just downstream of a spillway based on 

physical processes of mass transfer.  The effects of bubble size distribution (Politano et al., (2007, 2005, 

2003) and bubble volume and normal velocity fluctuation attenuation (Turan et al., 2007) have been 

studied to better understand and model air entrainment.  Physically-based models have incorporated 

geometrical aspects of the dams such as stilling basin and river depths (Geldert et al., 1998), spillway 

configurations and flow parameters (Hibbs and Gulliver, 1997), upstream TDG concentration (Roesner 

and Norton, 1971), and flood discharge characteristics, such as water depths and pressures (Ran et al., 

2009), to predict gas transfer and downstream TDG levels.  Columbia Basin Research (2000) uses two 

physically based equations in their U.S. Army Corps of Engineers (USACE) CRiSP Model 1.6, which are 

based on the physical processes of producing spill and dissolving excess TDG.  This procedure is based 

on the model developed by Roesner and Norton (1971) and includes geometric information about the spill 

bay and gas entrainment physics.  Computational fluid dynamics (CFD) models have been used to model 

TDG exchange, mixing, and transport (Xiao-li et al., 2010 and Weber et al., 2004).  However, the 

computational effort necessary to resolve the smallest bubbles responsible for mass transfer is prohibitive 

(Witt et al., 2015), and CFD models, in addition to methodologies used in the physically based TDG 

prediction models, require calibration of many equation coefficients specific to each case.   

Whereas physically based methodologies rely on the mass transfer occurring in two-phase flow regimes, 

as defined by conservation equations of momentum and mass, empirical approaches analyze the behaviors 

and correlative trends of the physical parameters using various data-mining and curve-fitting techniques.  

Columbia Basin Research (2000) uses four empirical equations in their CRiSP Model 1.6 developed by 

the USACE Waterways Experiment Station (WES) as a part of the Dissolved Gas Abatement Study 

(USACE, 1997).  Artificial neural network (ANN) and genetic programming (GP) approaches have been 

used to predict TDG.  The ANN resulted in lower root-mean-square (RMS) errors and resolved TDG 

levels associated with lower spill flow when compared with standard multivariate regression models.  

Expressions are derived for TDG levels based on parameters like spill, upstream temperature, and actual 

TDG levels, but they are specific for each case and not very portable or applicable to other dams.  Abdul-

Aziz et al. (2007a, 2007b) proposed an empirical model based on an extended stochastic harmonic 

analysis algorithm to predict dissolved oxygen, which is one of the main constituents of TDG.  Fourier 

transform analysis was used to determine certain model coefficients.  Though, a multitude of predictive 

models exist, supporting real-time predictions within the context of a hydro operations forecasting model 

is currently not available.  

Hydro operations currently adjust spill priorities during real-time operation based on observation and 

operator experience – a certain project is requested to spill up to a given flow rate, then the next project 

up to a different flow rate, and so on.  A science- and physics—based method or protocol to predict and 

minimize TDG levels within the context of hydro planning operations is strongly required to effectively 

and holistically manage systematic river operations.  Due to the high uncertainty in predicting daily TDG 

uptake from spill effects, it is difficult to efficiently plan and control the system for short to long-term 

periods of time.  The RiverWare hydro system modeling software is currently being used to model and 

help plan hydro operations along the mid-Columbia River Basin with respect to water management, 

availability, and storage capacity within the context of power generation.    
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Understanding the complex processes affecting TDG levels while controlling spillway operations and 

hydro demands to meet water quality standards, coupled with the need to maintain high overall system 

efficiency, is a balancing act consistently proven difficult to manage, predict, and control.  There is an 

apparent and present need for advanced tools, techniques, and software to assist in hydropower 

forecasting and optimization that minimizes environmental impacts while maximizing system-wide 

benefits.        

Oak Ridge National Laboratory (ORNL), with funding from the U.S. Department of Energy (DOE) and in 

conjunction with Iowa Hydroscience & Engineering Department at the University of Iowa and 

CADSWES with the University of Colorado, have developed a methodology for predicting total 

dissolved gas (TDG) uptake at the following Columbia River dams: Grand Coulee, Chief Joseph, Wells, 

Rocky Reach, Rock Island, Wanapum, and Priest Rapids (highlighted in Figure 1).  This generalized 

TDG exchange model is calibrated for each specific project and is subsequently being used in conjunction 

with the reservoir system modeling software RiverWare to optimize system-wide hydroelectric generation 

while minimizing TDG production.  This work extends from initial explorations and preliminary 

foundations established for predicting and managing TDG levels in the northwest (Pasha et al. 2012, 

Hadjerioua et al. 2014).   

   

Figure 1 - Map depicting major dams along the Columbia and Snake Rivers.  The Study area (mid-C) is 

highlighted in yellow Source: U.S. Army Corps of Engineers (2015 online). 
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2. METHODOLOGY 

The majority of the approaches for predicting TDG levels can be divided into two modeling methods: 1) 

direct modeling of large scale physical processes to predict TDG using high fidelity models such as 

computational fluid dynamics (CFD) and, 2) empirical modeling of physical processes to predict TDG 

using regression-type models.  Whereas the former approach provides TDG estimates based on precise 

spatial and temporal assessments, it is difficult to implement in a real-time forecasting framework due to 

the cost and time overhead associated with running and applying site specific, computationally 

demanding simulations.  In contrast, the regression modeling approach is ideal for use in a real-time 

forecasting structure since they provide quick, efficient, and reasonably accurate predictions of TDG 

levels (Figure 2).  

 

 
 

 

Figure 2 – Advantages and disadvantages associated with direct (CFD) and indirect (empirical) 

modeling approaches for predicting TDG levels. 

 

 

 

To adequately plan and efficiently operate the hydro system with respect to its demands and downstream 

TDG levels, the TDG modeling tool developed for integration into RiverWare will allow an operator to 

determine a system-wide operational strategy that will maximize hydropower generation while minimize 

downstream TDG levels.  The extent of this project’s goal of predicting and minimizing TDG within the 

framework of hydro operations modeled in RiverWare relies on accomplishing the following three major 

steps (see Figure 3): 1) TDG prediction methodology development, 2) calibration and validation of the 

methodology, and 3) incorporating the TDG predictive methodology into RiverWare.  
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Figure 3 – Project development of TDG prediction based techniques employed in a reservoir system 

modeling tool. 

 

2.1 TDG PREDICTION  

The TDG prediction methodology is based upon the development of an approach that can easily and 

quickly predict TDG since it will be incorporated into a real-time forecasting model.  The simplified TDG 

prediction equations are developed with respect to two primary variables – the background TDG levels 

located upstream of the dam and the TDG production processes on the downstream section of the dam.   

Upstream TDG concentration serves as a known input, and is typically measured in the forebay on the 

upstream face of the dam.  The production of TDG in the tailrace, represented as a mixed quantity, is 

governed by the following physically controlled processes (Figure 4): 

 

 Powerhouse Flow 

 Spillway Flow 

 Tailwater Depth 

 Calculated Entrainment of Powerhouse Flow into Spillway Flow 

     

 
Figure 4 – Physical processes of hydro and dam operation governing the development of the TDG 

predictive methodology. 
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The majority of the processes included in Figure 4 are controlled by hydro operations, with the exception 

of the background TDG (located upstream).  However, upstream TDG levels are affected to some degree 

by the operation and control of facilities further upstream.     

 

The simplified equation (Eq. 1) for the prediction of TDG uptake at a hydroelectric facility is given as  

 

𝑇𝐷𝐺𝑇 = 100 𝑋𝑆 (1 +  
𝜌𝑔𝐻𝑇

2 𝑃𝑎𝑡𝑚
) 𝑏2 +  𝑋𝑔𝑇𝐷𝐺𝐹 (Eq. 1) 

 

where (all in SI units): 

 

𝑋𝑠 =  
(𝑄𝑆 + 𝑄𝑔𝑒)

(𝑄𝑆 +  𝑄𝑃)
 (Eq. 2) 

 

𝑋𝑔 =  
(𝑄𝑃 − 𝑄𝑔𝑒)

(𝑄𝑆 +  𝑄𝑃)
 (Eq. 3) 

              

𝑄𝑔𝑒 =  min [𝑄𝑝, (𝑏1 𝑄𝑠 +  𝑏3)] (Eq. 4) 

 

QS and QP are the spillway and powerhouse flows, respectively, Qge refers to the amount of powerhouse 

flow entrained into the spillway region by physical hydraulic processes, and the coefficients b1, b2, and b3 

are derived through calibration and validation with measured data at each project.      

 

This set of equations predicting tailrace TDG (TDGT), given as a percentage, is developed by considering 

the combined weighted effects of spillway and powerhouse flows on two quantities –  local saturation 

efficiency as a function of tailwater depth, and forebay TDG levels (upstream of the hydroelectric 

facility).  The local saturation efficiency is calculated as the ratio of water pressure experienced by 

bubbles in the tailrace, taken as the average bubble depth (one-half the tailwater depth, or HT/2) 

multiplied by unit weight (ρg), to atmospheric pressure, Patm.  Projects with a deeper tailrace will exhibit 

higher saturation efficiencies as bubbles can descend further and experience greater pressures.  Forebay 

TDG (TDGF) is a model input obtained through field measurements at each project.   

 

The weighted contributions of local saturation efficiency and forebay TDG are determined by considering 

the volume of powerhouse flow entrained into the spillway region.  The assumption is that TDG uptake is 

flow limited as opposed to bubble limited; as more powerhouse flow is entrained into the spillway region 

(high TDG production region), the proportion of overall flow that experiences an uptake in TDG will 

increase.  The volume of powerhouse flow entrained into the spillway, Qge, is assumed to increase linearly 

with spillway flow until all powerhouse flows are entrained.  In mathematical form, as Qge approaches QP, 

the local saturation efficiency becomes the determining factor in TDG uptake.  An additional assumption 

is that no TDG uptake occurs in the powerhouse - if there is no spill the model will equate downstream 

TDG to upstream TDG.  The dynamics of Qge are determined by the model coefficients b1 and b3. 
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The relationship between upstream and downstream TDG with respect to the spillway and powerhouse 

flow proportions can be further illustrated by rearranging Eq. 1 as  

 

𝑇𝐷𝐺𝑇 = 100 [
𝑄𝑠 +  𝑏1𝑄𝑠 + 𝑏3

𝑄𝑠 + 𝑄𝑝
] [1 +  

𝑃𝑇𝑊

2 𝑃𝑎𝑡𝑚
] 𝑏2 + 𝑇𝐷𝐺𝐹 [

𝑄𝑝 −  𝑏1𝑄𝑠 − 𝑏3

𝑄𝑠 + 𝑄𝑝
] 

(Eq. 5) 

       

 

where: 

 

A = Weighted contribution of spillway plus powerhouse entrainment flows for adjusting dependency   

        of TDG’s production on tailwater depth. 

B = TDG’s dependency on tailwater depth as referenced to atmospheric pressure and adjusted by a fitted  

        dissolution efficiency coefficient (b2). 

C = Weighted contributions of the difference between the powerhouse and its entrainment flows used to  

        adjust the fraction of forebay TDG transferred downstream. 

 

2.2 DATA PROCESSING AND ASSUMPTIONS 

2.2.1 Data Collection and Preliminary Filtering 

Hourly data were collected from the USACE Northwestern Division’s Dataquery system and Historical 

Water Quality Reports (HWQR) online database. The Dataquery system includes eight of the Columbia 

River Basin dams, while the HWQR database only includes Grand Coulee and Chief Joseph dams. The 

data are derived from identical water quality gauges, and include measurements of TDG, water 

temperature, and elevation at both headwater and tailwater locations, as well as flow and energy 

measurements at the dams.  

For the projects included in the HWQR database, TDG and water temperature data from both Dataquery 

and HWQR were consolidated, with preference given to Dataquery when data were available from both 

sources.  Hourly data were available from 2004 to 2012 to ensure an adequate supply of data for model 

development and calibration.  The following table identifies hourly records collected from the Dataquery 

and HWQR databases: 

 

 

 

 

 

 

A C B 
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Table 1 - Hourly data collected from USACE databases for seven Columbia River Basin projects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*For Type 1 sources, TDG and water temp data came from the Dataquery system; elevation and flow came from the Historical 

Water Quality Database.  For Type 2, all data was obtained from the Dataquery system. 

Hourly records including energy and miscellaneous flow were not available for some projects in the 

databases; however, these hourly records were not essential to proceed with model development.  In 

contrast, Dataquery contained corrupt tailwater TDG data for Rocky Reach and Rock Island, which are 

essential to modeling TDG formation at dams.  Chelan County PUD, owner and operator of the Rocky 

Reach and Rock Island projects, was contacted and agreed to provide the missing hourly TDG data for the 

dams.   

Excel spreadsheets were created for each of the hydroelectric projects, with hourly records from the 

USACE databases included.  Initial data screening included processing missing information and removing 

outlying water temperature and TDG data.  Water temperature values below 32°F and above 80°F were 

removed. Additionally, TDG values below 50 and above 300 were removed.  Further screening was also 

completed when the presence of invalid data was clear.  For example, during a period in October 2004, 

the USACE Dataquery system provided TDG saturation numbers for Grand Coulee forebay exceeding 

10,000%.   

Unit spill operation data were obtained using a variety of methods. For Grand Coulee, data were available 

for the number of drum gates and outlet work conduits open on an hourly basis. However, the data did not 

specify which drum gates and outlet works conduits were open or the flow rate through individual gates. 

Using the total spill (available from the USACE databases) in conjunction with the outlet works rating 

curve and headwater elevation, it is possible to calculate unit spill for the majority of spill scenarios. 

ORNL and IIHR communicated with Chelan County PUD and had success obtaining unit spill operation 

at Rock Island Dam. 

Project Name 
Grand 

Coulee 

Chief 

Joseph 
Wells 

Rocky 

Reach 

Rock 

Island 
Wanapum 

Priest 

Rapids 

Head 

water 

% TDG       

Water Temp       

Elevation       

Tail 

water 

% TDG    - -  

Water Temp       

Elevation       

Flows 

Gen Flow       

Spill Flow       

Misc. Flow   - - - - - 

Tot Flow       

Energy 
Generated -      

Used -      

Source* Type 1 Type 1 Type 2 Type 2 Type 2 Type 2 Type 2 
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2.2.2 Project Specific Data Filtering and Assumptions 

After all data was obtained and initially filtered for missing dates and outliers, a more specific filter was 

applied to each site to remove data that is physically inconsistent with reality or unfeasible based on 

operational parameters ranges.   For example, this includes but is not limited to flow, tailrace, and 

reservoir elevation parameters that are outside the typical ranges of normal and expected operations.     

2.3 CALIBRATION AND VALIDATION 

Data for each of the projects contain all necessary flows and downstream TDG measurements on an 

hourly basis beginning
1
 in 2004 and extending through various years to 2012 depending on the project).  

For each of the project sites, model calibration and validation to determine the three coefficients, b1, b2, 

and b3 is performed by minimizing the Root Mean Square Error (RMSE) between the measured and 

predicted TDG values.  The Root Mean Square Error (Eq. 6) is the percentage of the average error of the 

predicted (P) results relative to the measured (M) dataset.
2     

 

𝑅𝑀𝑆𝐸(%) =

√1
𝑛

∑ (𝑃𝑖 − 𝑀𝑖)2𝑛
𝑖=1

1
𝑛

∑ 𝑀𝑖
𝑛
𝑖=1

 ∙ 100 (Eq. 6) 

 

Constraints are imposed on the coefficients for the calibration and validation such that the components of 

the TDG prediction equation (Eq. 1) are realistically representative. The constraints imposed during 

calibration and validation are: 

 b2 must be greater than zero to ensure that the TDG production component in Eq.1 is a positive 

quantity,     

 the entrainment term Qge in Eq. 4 must be greater than zero to ensure powerhouse entrainment 

flows are always positive,  

 For “no-spill” conditions, TDGT is a function of TDGF and is defined as follows: 

 

If QS = 0: 

 

     TDGT =[ TDGF  + 𝑐1]   (Eq. 7) 

 

where c1 is the average measured TDG uptake during all “no-spill” conditions at a project.    

 

 

 

                                                      

1 Chief Joseph data begins in 2009, however, due to the addition of deflectors in 2009; data for 2010 through 2012 is used to 

maintain consistency in analysis. 

2 Note that the RMSE presented herein is the percentage error of the percent TDG. 
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Table 2 - Constant coefficients representing TDG reuptake in reference to background 

reservoir TDG levels. 

 Project c1 (%) 

Grand Coulee -0.9 

Chief Joseph 0.08 

Wells 0.5 

Rocky Reach -0.56 

Rock Island* 0 

Wanapum 0.78 

Priest Rapids 0.1 

 

*For Rock Island:   If TDGF < 102, c1 = 4.98. 

 

   

For purposes of calculating the tailwater depth, HT, in Eq. 1, the following tailrace bottom elevations are 

used: 

Table 3 - Constant coefficients representing TDG reuptake in reference to background reservoir 

TDG levels. 

        Tailrace Floor Elevations (ft) 

Grand Coulee 900 

Chief Joseph 743 

Wells 600 

Rocky Reach 585 

Rock Island 550 

Wanapum 456 

Priest Rapids 387 

 

To quantitatively compare the measured (M) and predicted (P) data sets, some common performance 

metrics are used in addition to regression scatter plots of calibrated and validated data sets.  Metrics used 

to assess the model’s performance and quality of the coefficient calibration are the root-mean-square-

error (RMSE) defined earlier in Eq. 6 and the correlation coefficient R
2
 defined in Eq. 8 which is the 

determination of the strength of the linear relationship between the predicted and observed values. 

 

𝑅 =
𝑛 ∑ (𝑀𝑖𝑃𝑖) − ∑ 𝑀𝑖 ∑ 𝑃𝑖

𝑛
𝐼=1

𝑛
𝑖=1

𝑛
𝑖=1

√[𝑛 ∑ (𝑀𝑖
2) − (∑ 𝑀𝑖

𝑛
𝑖=1 )

2
]𝑛

𝑖=1 [𝑛 ∑ (𝑃𝑖
2) − (∑ 𝑃𝑖

𝑛
𝑖=1 )2]𝑛

𝑖=1

 
(Eq. 8) 
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2.4 RESULTS 

The results of the calibration and validation are depicted in Table 4 below.  Graphical comparisons of 

each of the sites (color coded by spillway flow discharge) are shown in Figures 5 through 11 as scatter 

plots.  Time series of the spill and powerhouse flowrates along with measured and simulated TDG levels 

for both the calibrated and validated cases are shown in Figures 12 through 18.   

 

Table 4  – Coefficients and performance statistics for TDG predictions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 – Scatter plot for measured verses simulated TDG levels at the tailrace of Grand Coulee 

Dam (data points are color coded by spill). 

Project Site: 
Calibrated with 2008 – 2010 data 

Validated with 

2004-2012 data 

b1 b2 b3 R
2
 RMSE (%) R

2
 RMSE (%) 

Grand Coulee 1.089 0.562 290.5 0.793 2.33 0.997 4.15 

Chief Joseph 1.509 0.706 354.5 0.930 2.54 0.930 1.54 

Wells 0.338 0.487 -73.8 0.958 0.94 0.958 1.28 

Rocky Reach 1.096 0.767 263.2 0.857 1.51 0.921 1.51 

Rock Island 0.030 0.941 119.4 0.952 1.27 0.942 1.38 

Wanapum 0.298 0.784 58.8 0.932 1.69 0.930 2.05 

Priest Rapids 0.010 0.886 172.8 0.966 1.10 0.972 1.42 
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Figure 6 – Scatter plot for measured verses simulated TDG levels at the tailrace of Chief Joseph 

Dam (data points are color coded by spill). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 – Scatter plot for measured verses simulated TDG levels at the tailrace of Wells Dam 

(data points are color coded by spill). 
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Figure 8 – Scatter plot for measured verses simulated TDG levels at the tailrace of Rocky Reach 

Dam (data points are color coded by spill). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 – Scatter plot for measured verses simulated TDG levels at the tailrace of Rock Island 

Dam (data points are color coded by spill). 
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Figure 10 – Scatter plot for measured verses simulated TDG levels at the tailrace of Wanapum 

Dam (data points are color coded by spill). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 – Scatter plot for measured verses simulated TDG levels at the tailrace of Priest 

Rapids Dam (data points are color coded by spill). 
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Figure 12 - Time series plots for powerhouse and spillway flows and measured verses simulated TDG levels at the tailrace of Grand 

Coulee Dam for the calibrated and validated cases. 
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Figure 13 - Time series plots for powerhouse and spillway flows and measured verses simulated TDG levels at the tailrace of Chief 

Joseph Dam for the calibrated and validated cases. 
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Figure 14 - Time series plots for powerhouse and spillway flows and measured verses simulated TDG levels at the tailrace of Wells 

Dam for the calibrated and validated cases 
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Figure 15 - Time series plots for powerhouse and spillway flows and measured verses simulated TDG levels at the tailrace of Rocky 

Reach Dam for the calibrated and validated cases 
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Figure 16 - Time series plots for powerhouse and spillway flows and measured verses simulated TDG levels at the tailrace of Rock 

Island Dam for the calibrated and validated cases 
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Figure 17 - Time series plots for powerhouse and spillway flows and measured verses simulated TDG levels at the tailrace of 

Wanapum Dam for the calibrated and validated cases 
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Figure 18 - Time series plots for powerhouse and spillway flows and measured verses simulated TDG levels at the tailrace of Priest 

Rapids Dam for the calibrated and validated cases 
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The validation results presented in summary Table 4 indicate good performance statistics for the model’s 

ability to predict downstream TDG levels at all sites.  The scatter plots in Figures 5 through 11 indicate a 

very good prediction performance on average characterized by the minimum scatter and relatively close 

fit to the ideal 1:1 prediction line.  In most cases, the model does a very good job over the range of spill 

flows (denoted by colored data) for predicting downstream TDG.  This indicates that the two distinctive 

components of the predictive methodology, i.e., that dominated by spill and that dominated by little to no 

spill, are performing well.  For Grand Coulee, Rocky Reach, and Wanapum Dams, the degree of scatter 

around the average is consistent for most spill ranges.  The scatter plot for Chief Joseph indicates 

somewhat a higher degree of scatter around the average accompanied by a mild underprediction tendency 

for medium spill flows in the range of 100,000 to 120,000 cfs, but less scatter for the maximum spill 

flows.  Wells, Rock Island, and Priest Rapids scatter plots indicate excellent predictive performance over 

the entire range of spill flows with relatively minor scatter about the model’s average predictive 

performance.  These two sites though do share characteristics of increased scatter around the average for 

the 110% to 120% TDG prediction ranges accompanied by higher proportions of powerhouse to spill 

flows.  

 

The time-series plots in Figures 12 through 18 provide better insight into some of the trends observed in 

the scatter plots which represent only an “average” overall performance ability. The projects, Wells, Rock 

Island, and Priest Rapids in Figures 14, 16, and 18 respectively, all share excellent agreement in TDG 

prediction. The effect of TDG increase in response to sharp increases of spill is particularly evident for 

Wells which is characterized by steady powerhouse flows with instances of increased spill.  As identified 

in the scatter plots, the underprediction of TDG for medium spill flows (100,000 to 120,000 cfs) and 

better agreement for maximum spill flows for Chief Joseph is evident in Figure 13 for the validation case.  

During 2010, the model slightly underpredicts TDG for medium spill flows, but captures it better in 2011 

accompanied by maximum spill flows.  The TDG prediction results for Grand Coulee and Rocky Reach 

Dams in Figures 12 and 15 respectively indicate fairly consistent prediction performance for all spill 

flows as identified in the scatter plots.  For Wanapum dam in Figure 17, the slight underprediction 

identified in the scatter plot for almost all spill flows is evident and is more significant for higher spill 

flows.        

 

2.5 RIVERWARE OPTIMIZATION  

RiverWare is a general river and reservoir modeling tool used for long term planning and forecasting of 

river and reservoir systems.  It utilizes four different solvers to accomplish tasks – simulation, 

optimization, rule-based simulation, and water accounting solvers.  The simulation solver models 

upstream and downstream physical processes based on input.  The optimization solver utilizes linear goal 

programming to arrive at a solution by solving all timesteps and objects at once.  The rule-based 

simulation utilizes user-specified operating rules to model physical processes.  The water accounting 

solver models ownership, type, and rights.   

 

The process of optimizing the hydro operations of the Mid-Columbia River to minimize TDG levels 

follows a particular process as outlined in Figure 19.  The system is first simulated to solve all unknowns 

based on known parameters within the model.  Next, the system’s parameters are adjusted by solving a 

series of linear programming problems used to minimize and maximize certain system parameters.  
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Lastly, rulebased simulation is used to re-adjust parameters based on user-specified operating rules and 

constraints.   

 

 

 

Figure 19 – Process framework of optimization execution within RiverWare 

The optimization component in Figure 19 is a preemptive linear goal programming solution, i.e., a series 

of objectives are optimized in a linear program without sacrificing high priority objectives for lower 

priority objectives. The individual objective functions are either traditional objective functions or 

functions that minimize the violation of soft constraints. 

  

The Taylor Series approximations are developed for the TDG predictive equation (Eq. 1).  The Taylor 

series approximation for a single variable y at iteration i is 

 

∆𝑦 = ∑
𝜕𝑦

𝜕𝑥𝑗𝑖−1

∆𝑥𝑗𝑗             (Eq. 9) 

 

with, 

  

 𝛥𝑦 = 𝑦𝑖 − 𝑦𝑖−1                                                     (Eq. 10) 

 

The optimization proceeds by using the solution values from the previous iteration to evaluate the 

nonlinear functions and their partial derivatives. These values are used in the equations for the subsequent 

iteration. The process is initialized by first optimizing without any modeling of the TDG equations. 
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A large set of equations of the above form is required to represent the TDG equations. One example is the 

change in tailwater TDG concentration. 

 

∆𝑇𝐷𝐺𝑇 =
𝜕𝑇𝐷𝐺𝑇

𝜕𝑇𝐷𝐺𝑆
∆𝑇𝐷𝐺𝑆 +

𝜕𝑇𝐷𝐺𝑇

𝜕𝑇𝐷𝐺𝐹
∆𝑇𝐷𝐺𝐹 +

𝜕𝑇𝐷𝐺𝑇

𝜕𝑄𝑆
∆𝑄𝑆 + ⋯  

 

               … +
𝜕𝑇𝐷𝐺𝑇

𝜕𝑄𝑃
∆𝑄𝑃 +

𝜕𝑇𝐷𝐺𝑇

𝜕𝑄𝑔𝑒
∆𝑄𝑔𝑒 +

𝜕𝑇𝐷𝐺𝑇

𝜕𝑄
∆𝑄                                                   (Eq.11) 

 

The change variables, i.e. Δ variables, are also dependent on other change variables including those for 

tailwater elevation and operating head variables which involve additional partial derivatives. The details 

for all of the equations are beyond the scope of this paper, but they are similar in form to the equation for 

tailwater TDG concentration. 

 

To gain a better understanding of the optimization method as well as the development and 

implementation of the TDG prediction methodology within RiverWare,  ORNL staff attended a training 

seminar at CADSWES on Tuesday, September 1, 2015 in Boulder, CO.  The seminar provided an 

opportunity to gain a “hands-on” experience with initialization and execution of a RiverWare model with 

respect to TDG prediction.   

 

3. FUTURE WORK   

The predictive methodology for TDG developed in this project utilizes a specified reservoir TDG to 

inform the model of the background forebay TDG levels which are used in determining tailrace TDG 

levels.  This is appropriate for predicting tailrace levels for known values and conditions of forebay TDG 

levels.  However, for use in a forecasting application, reservoir forebay TDG levels are unknown for 

future time periods and must be forecast based on river hydrodynamics and the physics of TDG transport.  

Currently, ad hoc type methods such as simplistic functions or even constant values for TDG are used to 

specify future values of forebay TDG.  Whereas these methods provide an estimate for future reservoir 

forebay TDG levels, they can be inaccurate and as a result, can provide system-wide TDG inaccuracies, 

especially during periods of no-spill when tailrace values are direct functions of forebay values.   

 

Currently, there is a need for developing a methodology to predict reservoir forebay TDG levels as a 

function of the upstream site’s tailrace TDG values in conjunction with flows, hydro operations, and 

reservoir characteristics.  Figure 20 illustrates this concept whereby the upstream site’s tailrace TDG level 

is used as an input to the “predictive methodology” to estimate forebay levels at the downstream site.  The 

forebay TDG level then serves as an input to the existing methodology used to predict tailrace TDG 

levels.          
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Figure 20 – Schematic depicting reservoir TDG level predictive methodology. 

 

4. CONCLUSION 

The model for predicting TDG levels in the tailrace of seven mid-Columbia River dams is presented.  

Performance statistics indicate the model predicts TDG levels with acceptable accuracy across most flow 

cases for all seven sites investigated.  The model provides a better than 92% coefficient of determination 

for predicting tailrace TDG levels at Grand Coulee, Chief Joseph, Wells, Rocky Reach, Rock Island, 

Wanapum, and Priest Rapids.  For instances where the model underpredicts TDG levels at high spill 

flows of greater than roughly 100,000 cfs for Rocky Reach and Wanapum, the predicted TDG levels 

differ from measured by less than 4%.  This is well within the range of acceptability given this model’s 

use in a forecasting application which is accompanied by degrees of uncertainty in predicting hydro 

flows.   

The predictive equations, coefficients, and constraints are incorporated into the water planning and 

management software, RiverWare.  The demands imposed on the hydro system for the mid-Columbia 

River basin are optimized to yield efficient operational strategies within the context of minimizing the 

TDG levels at each project.  Testing and case comparisons made with RiverWare will serve as a basis 

from which improved operational decisions can be made.  The successful implementation of a TDG 

minimization methodology used in conjunction with meeting the demands of any hydro system is 

considered to be an appreciable advancement and step towards environmentally coupled hydro system 

modeling and planning tools.       
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