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EXECUTIVE SUMMARY 

This report was prepared by W.F. Baird & Associates Ltd. (Baird) under contract to Orbis, Inc., 

for Duke Energy Carolinas, LLC.  The report describes the methodologies and results of the 

Lake Keowee & Lake Jocassee Shoreline Erosion Study.  The study was conducted to meet the 

Integrated Licensing Process (ILP) requirements for the Keowee-Toxaway Hydroelectric Project 

(FERC No. 2503) (hereafter referred to as “the Project”). These requirements are summarized in 

the Study Plan Determination issued by the Federal Energy Regulatory Commission (FERC) on 

January 27, 2012. The purpose of the erosion study was to determine the effects of Project 

operation, natural waves, and recreation-induced waves on erosion within the Project Boundary 

and to quantify erosion along the shorelines of Lake Keowee and Lake Jocassee.  It is noted that 

wave action from boat wakes or wind action was not considered an effect from operating the 

project in the recent relicensing approval for the Claytor Hydroelectric Project (FERC 2011).  

The study objectives are: (1) characterize the overall erosion along the shorelines of each 

reservoir; (2) identify Project-induced erosion sites; (3) quantify the level of erosion occurring at 

those sites; and (4) collect adequate data on the Project effect to evaluate potential needs or 

opportunities for protection, mitigation and enhancement (PM&E) measures and monitoring at 

those sites. 

A combined approach including literature review, field reconnaissance, data collection, GIS 

analysis, numerical wave and erosion modeling and professional experience was used to satisfy 

the study objectives.  The key findings of these efforts are: 

Objective 1 was to characterize the overall erosion along the shorelines of each reservoir.  This 

objective was satisfied through a combination of a site reconnaissance, field data collection 

program, review of aerial photos and a review of video footage collected by Orbis Inc.  Orbis 

Inc. had previously characterized the shoreline based on scarp height and composition, and 

whether it was eroding, stable or protected.  For the purpose of this erosion investigation, the 

original categories developed by Orbis were consolidated into four categories: scarp in soil or 

overburden; scarp in erodible bedrock or protected shoreline; stable shoreline in soil or 

overburden; and stable bedrock or protected.  The modified shoreline classification was used to 

select representative sites for a detailed assessment of erosion characteristics.      

Objective 2 was to identify Project-induced erosion sites.  This was satisfied through a site 

reconnaissance, review of aerial photos, review of video footage collected by Orbis Inc. and 

numerical modeling with the MIKE21 spectral wave model and the COSMOS shoreline erosion 

model.  Ten representative sites, five on Lake Keowee (including three islands) and five on Lake 

Jocassee, were selected for detailed analysis to determine the relative contribution of lake level 

fluctuations associated with Project operations, wind-generated waves, and boat wakes to 

observed erosion.  The selected sites represented the full spectrum of shoreline types identified 

on the two reservoirs and included shorelines adjacent to areas of heavy boat traffic, as well as 

shorelines exposed to longer fetches and therefore higher wind waves.  

Wave data collected at the two reservoirs were used to define the component of wave energy 

attributable to boat waves and the component attributable to wind waves.   A wave hindcast was 

used to define the wave climate (with and without boat waves) for the period since the reservoirs 
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were flooded.  The wave hindcast was used as input to the COSMOS erosion model, which was 

applied to quantify erosion due to wind waves and boat waves.  At Lake Keowee, the percentage 

of erosion attributable to boat waves varied from 20% at K4 (southern Lake Keowee) to 80% at 

K1 (northern Lake Keowee).  At Lake Jocassee, erosion attributable to boat waves varied from 

25% at J2 to 45% at J3.  The remainder of the erosion in each case was attributable to wind 

waves.   

Water level fluctuations serve to distribute (spread) the erosion across the nearshore profile from 

the recorded lowest reservoir elevation to the full pond elevation.  These fluctuations do not 

cause erosion, but rather influence where the erosion occurs on the profile if the composition of 

the profile is not resistant to erosion.  This was demonstrated by the COSMOS model.  When the 

reservoir level range was decreased, erosion rates increased, as the wave energy was focused on 

a smaller area on the shoreline profile. Therefore, wind waves and boat wakes are the primary 

causes of shoreline erosion.  Other factors such as freeze/thaw, wet/dry and runoff are secondary 

factors.  Reservoir level fluctuations do not cause erosion. 

Objective 3 was to quantify the level of erosion occurring at those sites.  This was satisfied 

through a combination of historical aerial photo analysis, bathymetric/topographic surveys and 

numerical modeling with the MIKE21 spectral wave model and the COSMOS shoreline erosion 

model.  Aerial photographs from 1994 and 2011 were used to compare the position of the 

erosion scarp in 1994 with its position in 2011.  At the ten erosion sites, the comparison showed 

that the position of the erosion scarp was either stable or the change was less than the positional 

accuracy of the orthophotographs (six feet).  It was concluded that the amount of shoreline 

change was not great enough to be discerned from the aerial photo analysis, using the best 

available techniques.  Analysis of bathymetric and topographic profiles provided additional 

evidence of the location and extent of erosion since the creation of the reservoirs.  The COSMOS 

model was also used to estimate erosion at the selected sites between 1974 and 2012.  Erosion on 

Lake Keowee varied from 5.8 feet to 6.1 feet for the 38-year period since the reservoir was 

created.  The average erosion rate on Lake Keowee was two inches per year (or 0.16 ft/year).  On 

Lake Jocassee erosion varied from 6.7 feet to 13.4 feet for the 38-year period since the reservoir 

were created.  The average erosion rate on Lake Jocassee was three inches per year (or 0.25 

ft/year).  These are considered to be low rates of erosion (MNR 2001). 

Objective 4 was to collect adequate data on erosion and the Project effects to evaluate potential 

needs or opportunities for erosion-related protection, mitigation and enhancement (PM&E) 

measures and monitoring at those sites.  As shoreline erosion at the Project is attributable 

primarily to wind waves and boat wakes (secondary factors include freeze/thaw, wet/dry and 

runoff) and not water level fluctuations associated with Project operations, no PM&E measures 

associated with Project operations were recommended. 
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1.0 INTRODUCTION 

1.1 Overview 

This report was prepared by W.F. Baird & Associates Ltd. (Baird) under contract to Orbis, Inc., 

for Duke Energy Carolinas, LLC.  The report describes the methodologies and results of the 

Lake Keowee & Lake Jocassee Shoreline Erosion Study.  The study was conducted to meet the 

Integrated Licensing Process (ILP) requirements for the Keowee-Toxaway Hydroelectric Project 

(FERC No. 2503) (Project). These requirements are summarized in the Study Plan Determination 

issued by the Federal Energy Regulatory Commission (FERC) on January 27, 2012. The purpose 

of the erosion study was to determine the effects of Project operation, natural waves, and 

recreation-induced waves on erosion within the Project Boundary and to quantify erosion along 

the shorelines of Lake Keowee and Lake Jocassee.  It is noted that wave action from boat wakes 

or wind action was not considered an effect from operating the project in the recent relicensing 

approval for the Claytor Hydroelectric Project (FERC 2011). 

1.2 Relicensing Relevance 

Shoreline erosion within the Project Boundary may result in damage to adjacent properties, 

ecological effects, and accumulation of sediment and debris within the Project reservoirs. This 

study helps determine 1) whether or not, and to what extent, Project operations contribute to 

erosion along Project shorelines, 2) the potential benefit and/or effects of changes in Project 

operations, and 3) whether remedial actions are needed.  

1.3 Study Goals and Objectives 

The purpose of this study is to determine the effects of the Project on shoreline erosion in the two 

reservoirs, including the islands in Lake Keowee.  Specific objectives include: (1) characterize 

the overall erosion along the shorelines of each reservoir; (2) identify Project-induced erosion 

sites; (3) quantify the level of erosion occurring at those sites; and (4) collect adequate data on 

the Project effect to evaluate potential needs or opportunities for protection, mitigation and 

enhancement (PME) measures and monitoring at those sites.  Specific tasks included:  

 Review of existing background data and reports 

 Deployment of instruments within the Project area to characterize typical wave climates  

 Development of the MIKE21 model to define the wind-wave climate 

 Processing and analyses of wind and wave data, along with water level and boating data 

to define modeling scenarios to quantify the impacts of wind waves, boat wake and water 

level variations on shoreline erosion processes   

 Development of the COSMOS model to quantify shoreline erosion processes 

 Selection of representative sites for COSMOS modeling based on the shoreline 

classification system developed by Orbis Inc. 

 Validation of the COSMOS model  

 Assessment of the impacts of wind-waves and boat wake on shoreline erosion processes 

with the COSMOS model 

Provide recommendations on the need for mitigation of shoreline erosion and monitoring 

as required 
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2.0 SITE LOCATION AND DESCRIPTION 

Duke Energy Carolinas, LLC (Duke) is the Licensee of the Keowee-Toxaway Hydroelectric 

Project (FERC No. 2503) (Project).  The site location is shown in Figure 2-1.  The Project 

consists of two developments – the Jocassee Development and the Keowee Development.  The 

Project is located in the Upstate area of South Carolina, primarily in Oconee County and Pickens 

County, with a small portion of Lake Jocassee extending into Transylvania County, North 

Carolina.   

The 710.1 MW Jocassee Development is the upstream development and includes Jocassee 

Pumped Storage Station, Lake Jocassee, Jocassee Dam, and two saddle dikes.  The Full Pond 

Elevation is 1,110 feet above mean sea level (AMSL).  At Full Pond, the reservoir has 

approximately 7,980 surface acres with approximately 92 miles of shoreline.  The drainage area 

is 148 square miles.  The Jocassee Development releases water directly into Lake Keowee. 

The 157.5 MW Keowee Development includes Keowee Hydro Station, Lake Keowee, the Little 

River Dam, the Keowee Dam, and four saddle dikes.  The Full Pond Elevation is 800 feet 

AMSL.  At Full Pond, the reservoir has approximately 17,660 surface acres with approximately 

388 miles of shoreline.  Water released from Keowee Hydro Station flows directly into Hartwell 

Lake, a U.S. Army Corps of Engineers reservoir. 

While both developments are popular destinations for fishing, boating, and swimming, Lake 

Jocassee has little residential development compared to Lake Keowee.  The primary reason for 

this is Duke Energy, in partnerships with South Carolina Department of Natural Resources 

(SCDNR), South Carolina Department of Parks, Recreation and Tourism (SCDPRT), and the 

State of North Carolina has designated a significant amount of the land adjoining Lake Jocassee 

for public recreation and resource conservation. 
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Figure 2-1 Project Location  
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3.0 PREVIOUS STUDIES 

Following are brief descriptions of other key studies and documents relevant to this study. 

Pre-Application Document (PAD) Keowee-Toxaway Relicensing FERC Project No. 2503. 

(Duke Energy 2011b) 

The PAD is a detailed assessment of the Project. The portions of the PAD that were particularly 

applicable to this study were the sections containing background information on both reservoirs 

and local geology. 

Riparian Vegetation Studies on Lake Keowee and Lake Jocassee (Orbis 2010; Orbis 2012)  

These studies provide an inventory of riparian areas, and present a classification scheme for 

mapping terrestrial wildlife habitat along the shorelines of Lake Keowee and Lake Jocassee. The 

study area includes 480 miles of shoreline at 800 feet and 1,100 feet full pond elevation for Lake 

Keowee and Lake Jocassee respectively, and an additional 22 miles of island shoreline on Lake 

Keowee.  

The riparian habitat was classified using 100-foot segments, based on the videography and 

digital orthophotography as follows:  

 NO-VEGETATION areas include commercial developments, marinas, docks, piers, 

seawalls, and similar structures with little to no vegetation present.  

 LOW vegetation areas comprised of residential developments and home sites with docks, 

piers, pathways, landscaping with non-native/exotic plants, mulch, carpet grass, seawalls, 

and/or similar structures with little vegetation present.  

 MODERATE vegetation areas can include residential developments, and forested land 

with some brush, leaf litter, no carpet grass that is lightly disturbed.  

 HIGH vegetation areas include undisturbed forested lands with a diverse understory and 

diverse scrub, shrub, and herbaceous vegetation.  

The results of the analysis are summarized in Table 3-1.  Most of the Lake Keowee shoreline is 

vegetated to some degree; however Lake Keowee has undergone significant development since it 

was created in 1971, and only 37% of the adjoining shoreline is forested.  In contrast, the Lake 

Jocassee shoreline is largely undeveloped with a high vegetation cover along the shore and 

includes a number of state parks and conservation lands as discussed in Section 2.0. 

Table 3-1 Percentage of Riparian Habitat Classifications for Lake Keowee and Lake Jocassee Shorelines 

(based on Orbis 2010; Orbis 2012) 

Reservoir Habitat Quality 

High Moderate Low No Vegetation 

Lake Keowee 37% 22% 29% 12% 

Lake Jocassee 85% 5% 5% 5% 
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Shoreline stability was also characterized in terms of scarp height and whether there was 

evidence of shoreline recession, based on a review of the video imagery.  It is important to note 

these categories reflect the vertical height of exposed un-vegetated scarp, not a recession rate.  

Scarp height generally reflects the thickness of soil overburden visible above the water line and 

does not determine the rate of shoreline recession.    

The scarp height and condition was categorized using the following definitions.   

 None: no visual evidence of shoreline erosion 

 Low: Less than 1 foot vertical scarp 

 Moderate: 1 foot to 3 feet vertical scarp 

 High: Above 3 feet vertical scarp 

With the following sub-characteristics 

 Active (naturally occurring soils) 

 Passive (exposed bedrock or protected shoreline) 

The results of the analysis are summarized in Table 3-2.  The scarp height categories (low, 

moderate and high) have been grouped together, as scarp height is an indication of erosion, but it 

does not refer to the rate of erosion.  On Lake Keowee, 65% of the shoreline was classified as 

unprotected with soil overburden, 2% was bedrock or protected and 33% of the shoreline was 

classified as not eroding.  On Lake Jocassee 25% of the shoreline was classified as unprotected 

with soil overburden, 45% was bedrock or protected and 30% of the shoreline was classified as 

not eroding. 

 

Table 3-2 Shoreline Classification for Scarp and Recession Characteristics for Lake Keowee and Lake 

Jocassee (based on Orbis 2010; Orbis 2012) 

Shoreline 

Classification 
Scarp Characteristics Lake Keowee Lake Jocassee 

Active 

Low/Mod/High 
<1 ft to >3 ft scarp, unprotected with 

soil overburden 
65% 25% 

Passive 

Low/Mod/High 
<1 ft to >3 ft scarp, bedrock or 

protected 
2% 45% 

Active None No eroded scarp, unprotected with 

soil overburden 
13% 26% 

Passive None No eroded scarp, bedrock or 

protected 
20% 4% 

 

Based on these two studies, several conclusions can be drawn regarding differences in the two 

reservoirs. It is evident that the Lake Jocassee shoreline is less developed than the Lake Keowee 

shoreline, based on the vegetation classification results. In addition, the difference in geology 
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and physiography can be seen in scarp classifications. Seventy-five percent of Lake Jocassee’s 

shoreline is either bedrock or not eroding, compared with 35% of the Lake Keowee shoreline.    

Historical Delineation of Vegetation among Islands of Lake Keowee (Orbis 2011) 

The Orbis study analyzed the change in area of the islands of Lake Keowee based on a 

comparison of historical orthophotos from 1976, 2005, and 2011.  The following geo-referenced 

digital orthophoto sets were used:  

 1976 – 2-foot resolution pan chromatic digital orthophotos  

 2005 – 6-inch natural color digital orthophotos (1” = 200’) 

 2011 – 1-foot natural color digital orthophotos (1” = 400’)  

Selected islands were delineated in Environmental Systems Research Institute Inc. (ESRI)’s 

ArcGIS application, directly from orthophotos. Although the best available imagery was selected 

for the analysis, the work was challenging due to the quality of the imagery, the presence of 

vegetation along the shoreline, camera position/angle and shadows. The island shorelines were 

delineated using the center of tree crown.  

The image quality of the historic 1976 airphotos introduces limitations that make it difficult to 

quantify the position of the shoreline as accurately as the 2005 and 2011 images.  While the 

stated ground resolution is two feet, the image quality suggests it should be closer to five feet.  

Considering the limitations of the 1976 images, the calculated land mass change is within an 

expected error tolerance of this magnitude of change, that is to say, negligible change occurred 

based on the analysis. 

Although the 2005 and 2011 images were of higher quality, this time span (six years) is too short 

to measure shoreline change, considering the small magnitude of change that could be expected 

to occur over the six years.  

It is concluded that the amount of shoreline change is not great enough to be discerned using the 

best available data and techniques. 

Recreation, Use, and Needs Study (Louis Berger Group 2008) 

In 2008, The Louis Berger Group reported on a Recreation Use and Needs (RUN) Study 

performed in the Project area. Data collection began December 1, 2006, and ended on November 

30, 2007. This RUN Study report estimated recreational uses in recreation days, in accordance 

with FERC Form 80 reporting requirements. The information relative to this study includes: 

 Annual use of boat ramp facilities 

 Estimated distributions for recreational activities on each reservoir 

 The overall type of boat use 

 Boating densities throughout both reservoirs 

 Future recreational estimates 

 

Data collected in this study were used in the boat wave assessment described in Section 5.0. 
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Smith Mountain Project Erosion Study Report Revision 2 prepared for Appalachian Power 

Company Roanoke, Virginia (Kleinschmidt and Baird 2007) 

This report summarizes the results of the Smith Mountain Project Erosion Study, conducted to 

meet the integrated relicensing requirements for the Appalachian Power Company (APC), Smith 

Mountain Project, FERC 2210.  The study includes similar analyses to those used in the Lake 

Keowee & Lake Jocassee Shoreline Erosion Study: literature review, field reconnaissance, GIS 

analysis and numerical modeling.  

The COSMOS model was used to evaluate the effects of water level fluctuations, wind-waves 

and boat wake on shoreline recession. The modeling showed that the effects of wind-wave and 

boat wake were the dominant erosion mechanisms on Smith Mountain Lake and Leesville Lake. 

It was concluded that variations in operational water level serve to adjust the location of 

interaction between waves and the shoreline profile; however, water level fluctuation alone is not 

the driving force behind shoreline erosion. It was further concluded that water level variations 

distribute wave energy over a wider swath on the profile, resulting in lower rates of shoreline 

retreat. 

Much of the shoreline along these reservoirs was protected.  Erosion rates of up to 1.6 feet per 

year were observed along unprotected shorelines.  It was concluded that historic erosion rates 

had been accelerated by up to 40% as a result of boat wakes. 

The COSMOS model was used to evaluate the impacts of hypothetical changes to operational 

levels on shoreline erosion.  The modeling demonstrated that raising water levels by an average 

of three feet increased recession rates at the highest energy location from 1.6 feet per year to 6.6 

feet per year.  When water levels were decreased by an average of three feet, recession rates 

decreased initially, however it was noted that in time, the profile shape would be re-established 

and recession rates would resume at the original rates.  It was recommended that it would also be 

prudent to maintain existing reservoir levels, as most shore protection was designed for these 

levels. 

Claytor Hydroelectric Project Erosion Study Report prepared for Appalachian Power Company 

Roanoke, Virginia (Kleinschmidt and Baird 2008)  

This report summarizes the results of the Claytor Hydroelectric Project Erosion Study, conducted 

to meet the integrated relicensing requirements for the Appalachian Power Company (APC), 

Claytor Hydroelectric Project, FERC 739. Claytor Lake is a reservoir formed by the 

impoundment of the New River behind Claytor Dam.  The study includes similar analyses to 

those used in the Lake Keowee & Lake Jocassee Shoreline Erosion Study: literature review, field 

reconnaissance, GIS analysis and numerical modeling.  

The COSMOS model was used to evaluate the effects of water level fluctuations, wind-waves 

and boat wake on shoreline recession. The modeling showed that the effects of wind-wave and 

boat wakes were the main shoreline erosion mechanisms, and that boat wakes were the most 

important erosion mechanism on the reservoir.  It was concluded that variations in operational 

water level serve to adjust the location of interaction between waves and the shoreline profile; 

however, water level fluctuation alone is not the driving force behind shoreline erosion.  
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Thirty-one percent of the shoreline along the reservoir was protected.  Erosion rates of up to 1.6 

feet per year were observed along unprotected shorelines.  It was concluded that historic erosion 

rates had been accelerated by up to 100% as a result of boat wakes in some locations, resulting in 

a need for shore protection in many areas of high boat traffic. 

The COSMOS model was used to assess the effects of and need for an annual drawdown.  The 

modeling demonstrated that the drawdown had a near-negligible impact on shoreline recession. 

International Joint Commission Great Lakes St. Lawrence River Study (Baird 2006) 

Between 2002 and 2006 Baird was retained by the International Joint Commission and the US 

Army Corps of Engineers to investigate erosion processes along more than 2,400 km of shoreline 

on Lake Ontario and the Upper St. Lawrence River.  The potential impacts associated with the 

operation of the Moses-Saunders Power Dam in Massena, New York, which controls the water 

levels of the Upper St. Lawrence River and Lake Ontario, was being investigated.  Baird also 

mapped eroding shorelines in this stretch of river for the New York Power Authority as part of a 

relicensing investigation in 1997 (Baird 1998).  The dam has been operational since 1960 and 

was constructed as a key component of the St. Lawrence Seaway Project, which connected the 

Lake Freighters (Lakers) from the Port of Montreal to other ports of the Great Lakes system.   

Site 11 was a detailed erosion site for the IJC investigation and is located on the USA banks of 

the St. Lawrence River west (upstream) of Waddington, New York.  Refer to Figure 3-1 for a 

location map (top panel).  This section of the St. Lawrence River features many similar 

geomorphic characteristics with Lake Keowee, as the water body is long and narrow, features 

many islands, and is exposed to both wind generated waves and boat waves (recreational boats 

and large shipping vessels).  In addition, the river level at Site 11 increased by approximately 

six m (20 ft) with the opening of the dam in 1960.  

Prior to the construction of the dam at Massena in 1960, the St. Lawrence River was a natural 

run-of-the-river waterway.  Meanders in the river were dredged to increase the conveyance of the 

system and facilitate large Laker traffic associated with the St. Lawrence Seaway.  The shoreline 

at Site 11 in 1956 is documented in the middle panel of Figure 3-1.  For reference, the 2009 

shoreline position is noted as a dashed red line.  The bottom panel of Figure 3-1 presents the 

shoreline conditions at Site 11 in 2009, after a portion of the natural shoreline was excavated. 

The shoreline at Site 11 features consolidated glacial sediments that are highly erodible when 

exposed to currents and wave action.  Refer to Figure 3-2 for ground level image of the site 

conditions.  The beach is very narrow and wave attack at the bluff toe easily erodes the weak 

glacial sediment.  The bluff slope is devoid of vegetation, as it is continuously eroding landward, 

and mature vegetation cannot establish. 

The historical water level extremes at Site 11 are plotted on Figure 3-3 and fluctuate over a 1.75 

m (6 ft) range.  Since 1960 a wave cut terrace or bench has developed at the lower water level 

range due to incident wave attack and erosion of the lake bottom.  As the bluff slope continues to 

retreat landward, the width of the bench increases over time.   
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Figure 3-1 Location Map for Site 11 on the St. Lawrence River 
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Figure 3-2  Ground Level Photograph of Site 11 

 

 

Figure 3-3  Surveyed 2002 Profile at Site 11 and Historical Lake Level Range (1960 to present) 

 

Based on the review of the pre-flood topography (middle panel of Figure 3-1) and the analysis of 

historical aerial photographs at the site, a pre-flood profile was assembled for Site 11.  This 

profile is presented in Figure 3-4 as the black “Input Profile.”  The “Target” profile is the 

surveyed 2002 condition at the site.    

The estimated erosion rate for Site 11 is 14 m (46 ft) from 1960 to 2002.  This translates to an 

average annual recession rate of 0.3 m (1.1 ft/yr).  The estimated erosion with the COSMOS 

model, which is described in detailed in Section 6.4, is represented by the blue line in Figure 3-4.  

The model accurately simulated the growth of the erosion platform over time and the horizontal 

retreat of the bluff face.   
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Figure 3-4 Pre-flood (Input Profile) and 2002 Profile at Site 11 

 

St. Lawrence River Site 11a Nov 03 COSMOS Calibration

Iroquois TW Water Levels

Time Period: 1960 - 1999

-6

-5

-4

-3

-2

-1

0

1

2

3

4

5

6

0 5 10 15 20 25 30

Distance from Onshore (m)

E
le

v
a

ti
o

n
 (

m
, 
C

D
 =

 7
3

.8
1

m
 I
G

L
D

 '
8

5
)

Input Profile

Target

COSMOS prediction

Bluff Toe

Calibration Coeffs:

BLUFFTOEDIST = 14.07m

DISFAC = 6.5e-7

BLERODE = 4.0e-8

COSMOS Recession: 8.05



 

12 

4.0 ENVIRONMENTAL FEATURES OF STUDY AREA 

4.1 Geology and Soils 

The shorelines of Lake Keowee and Lake Jocassee were formed from the valley slopes of the 

regions that were inundated.  To understand the erosion potential in this area, it is necessary to 

consider both the underlying substrate that may influence the long-term erosion potential, as well 

as the surface soils within the zone of reservoir fluctuations. 

4.1.1 Geology 

The Project area is located at the intersection of the Blue Ridge and Piedmont provinces as 

shown in Figure 4-1. The Blue Ridge physiographic province is part of the mountainous area 

along the eastern edge of the Appalachian Highlands physiographic division, which is 480 

million years old. Typically, these mountain slopes range from moderately steep to very steep. 

The Piedmont province, on the other hand, is characterized by rolling hills with gentle slopes, 

river-cut valleys with much steeper slopes.  

The geology in the Blue Ridge and Piedmont provinces varies significantly in slope and 

elevation, and the bedrock is also very different. Figure 4-2 through Figure 4-4 show geology 

maps of the Project area. The Keowee Reservoir and Dam, located solely in the Piedmont 

province, are located on a complex bed of interlayed hornblend gneiss, amphibolite, and granitic 

gneiss. The bedrock at the southern portion of Lake Keowee contains biotite gneiss and mica 

schist which are notably superior rocks to the hornblende and amphibolites (Duke 2011). The 

Blue Ridge province transitions to the Piedmont province in the Jocassee Reservoir. Most of the 

Reservoir is supported by Henderson Gneiss, a coarse to very coarse-grained gneiss, which is 

considered “sound” rock (Duke 2011).  

The bedrock in both the Piedmont and Blue Ridge provinces is heavily fractured due to its age 

and the evolution of the Appalachian Mountains.  The surface layers have also undergone 

extensive chemical and physical weathering.  In some locations, this bedrock has been so heavily 

transformed it now resembles a compacted soil known as a saprolite.  Pieces of saprolite exposed 

at the shoreline can be easily dislodged by wave action and crushed into a coarse grained 

sediment.    

 

4.1.2 Soils  

The National Resources Conservation Service’s (NRCS) Soil Data Mart provides national soil 

survey data for the public. This tool was used to determine the predominant soil types within the 

Project area.  

Cecil, Grover, Lloyd, and Pacolet soils are the dominant soil types found around Lake Keowee. 

They are typical of the Piedmont physiographic region, especially on ridges and side slopes of 

the uplands. All these soils are residuals of weathered bedrock, and the subsoil is typically a 

reddish color.  
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Unlike the shores of Lake Keowee, Lake Jocassee’s shoreline appears to have one predominant 

soil type: Halewood Fine Sandy Loam which accounts for approximately 40% of Lake 

Jocassee’s shoreline. Of that 40%, 95% of the Halewood fine sandy loam has a 25 to 45 percent 

slope, with no noted erosion. In general, this soil is a yellowish-brown sandy loam surface layer 

that is typically around five inches thick. The subsoil can be up to 22 inches thick and is 

classified as a heavy fine sandy loam to clay loam. Typically, the subsoil layer can vary from a 

deep brown to a yellowish-red. This subsoil is extremely susceptible to erosion and should not be 

left bare (Robertson et. al. 1936).  

4.2 Bathymetry 

Bathymetry data for Lake Keowee and Lake Jocassee were collected in 2010 by HDR|DTA 

Engineering Inc. under contract to Duke Energy.  The survey was completed with acoustic depth 

sounding and GPS instruments.     

The bathymetry data were provided as depth contours at two-foot intervals.  For both reservoirs, 

the spatial reference system was South Carolina State Plane Coordinates, North American Datum 

of 1983 (NAD83), International Feet as the units.  Elevations were referenced to National 

Geodetic Vertical Datum of 1929 (NGVD29).  The bathymetry data were used to develop grids 

for the MIKE21 and COSMOS models as described in Sections 5 and 6 respectively. 
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Figure 4-1  Physiographic Regions of South Carolina 
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Figure 4-2 Geology of the Southern Portion of Lake Keowee (Duke 2011) 
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Figure 4-3 Geology of the Northern Portion of Lake Keowee (Duke 2011) 
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Figure 4-4 Geology of Lake Jocassee (Duke 2011)  
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4.3 Topography 

The elevation data for much of the study area is from the South Carolina Department of Natural 

Resources’ (SCDNR) Statewide LiDAR (Light Detection and Ranging) Acquisition Project, in 

partnership with the U.S. Geological Survey (USGS).  The LiDAR based hydro enforced terrain 

surface was converted and provided by SCDNR as a Digital Elevation Model (DEM) 10x10 foot 

grid raster.  Oconee County elevation data are from 2010, while Pickens County data are from 

2011.  The vertical datum of this dataset is North America Vertical Datum 1988 (NAVD88). 

For the small portion of the Lake Jocassee study area within Transylvania County, North 

Carolina, the best available elevation data are from the North Carolina Statewide LiDAR data 

collection of 2005.  The LiDAR data are distributed as a DEM 20x20 foot grid raster, tiled by 

USGS quad sheet boundaries. The vertical datum of this dataset is North America Vertical 

Datum 1988 (NAVD88). 

The topography data were used to develop grids for the MIKE21 and COSMOS models as 

described in Sections 5 and 6 respectively. 

The various bathymetry and elevation datasets shared the same horizontal spatial reference 

system, but the vertical reference differed with the bathymetry in NGVD29 and the topography 

in NAVD88.  These disparate vertical datums were vertically integrated using the National 

Geodetic Survey’s VERTCON tool to measure the height differences and then adjusted the 

LiDAR elevation datasets from NAVD88 to NGVD29 to match the bathymetry contours. 

4.4 Reservoir Levels 

Historic daily levels for both reservoirs were obtained from Duke Energy.  The gage locations 

are shown in Figure 4-5, along with the locations of the wind and wave recorders discussed in 

Sections 4.5 and 4.6.  Lake Keowee data were available from January 1, 1971 through July 31, 

2012, and Lake Jocassee data were available from January 1, 1974 through July 31, 2012.  

A summary of the reservoir level data is provided in Table 4-1.  The full series of data from Lake 

Keowee and Lake Jocassee are shown in Figure 4-6 and Figure 4-7 respectively.  Full poll is 

shown relative to reservoir levels.  Reservoir levels during the period of wave observation for 

this study carried minimally as shown in Figure 4-8 and Figure 4-9.  Periods of low reservoir 

levels shown in Figure 4-7 (most notably 1988, late 19902 through early 200s, 2006-2008, and 

2010 to the present) correspond with severe droughts in the region. 

Statistical analysis of the water level data is provided in Table 4-1.  The mean water levels for 

Lake Keowee and Lake Jocassee were 796.7 feet AMSL and 1101.7 feet AMSL, respectively. 

The operating ranges identified in the PAD are 800 feet to 794.6 feet AMSL for Lake Keowee 

and 1110 feet to 1080 feet AMSL for Lake Jocassee. Histograms of the water level data are 

presented in Figure 4-10 for Lake Keowee and Figure 4-11 for Lake Jocassee. Because of an 

operating constraint at Oconee Nuclear Station (ONS), Lake Keowee operates with a much 

smaller range of reservoir levels, with 75% of days falling above 795.5 feet AMSL, or 4.5 feet 

below full pond. The histogram for Lake Jocassee shows that reservoir levels are more varied, 

with lower reservoir levels occurring more frequently.  On Lake Jocassee, 75% of days have 

reservoir levels above 1096.9 ft AMSL, or 13.1 feet below full pond.  
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Figure 4-5 Locations of Wave, Wind, and Water Level Instruments  
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Table 4-1 Summary of Reservoir Elevation Data (Data Source: Duke Energy) 

  

Keowee Jocassee 

Elev (ft 

AMSL) 

Below Full 

Pond (ft) 

Elev (ft 

AMSL) 

Below Full 

Pond (ft) 

Min 783.6 16.4 1078.4 31.6 

5% 790.8 9.2 1085.9 24.1 

10% 793.3 6.7 1088.0 22.0 

25% 795.5 4.5 1096.9 13.1 

Mean 796.7 3.3 1101.7 8.3 

50% 797.5 2.5 1105.1 4.9 

75% 798.7 1.3 1107.7 2.3 

95% 799.5 0.5 1109.0 1.0 

Max 800.0 0.0 1110.0 0.0 

Range 16.4 31.5 

Stdev 2.7 7.7 

Skew -1.6 -1.0 

Operational 

Range 

800.0 0.0 1110.0 0.0 

794.6
1
 5.4 1080.0 30.0 

1 
The licensed operational limit for Lake Keowee is 775 ft AMSL.
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Figure 4-6 Historic Series of Daily Reservoir Elevations for Lake Keowee (Data source: Duke Energy) 
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Figure 4-7  Historic Series of Daily Reservoir Elevations for Lake Jocassee (Data source: Duke Energy) 
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Figure 4-8  Daily Reservoir Elevations for Lake Keowee During the Period of Wave Observation (Data source: Duke Energy) 
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Figure 4-9  Daily Reservoir Elevations for Lake Jocassee During the Period of Wave Observation (Data source: Duke Energy) 
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Figure 4-10 Histogram of Lake Keowee Reservoir Elevations (1971-present) with 1-ft Increment Bins (Data 

source: Duke Energy) 

 

Figure 4-11 Histogram of Lake Jocassee Reservoir Elevations (1971-present) with 2-ft Increment Bins (Data 

source: Duke Energy) 

 

4.5 Wind 

Winds over Lake Keowee and Lake Jocassee are complex due to the topography of the shoreline 

and the surrounding region.  A steep treed shoreline will give protection to the nearby parts of 

the reservoir when the wind is blowing in an offshore direction.  Winds can also funnel down 

valleys and increase in some areas, while in the shelter of a nearby point the winds may be much 

less.  These complex wind patterns exist throughout the reservoirs, resulting in extremely varied 

wind patterns and related wind generated wave (or wind-wave) patterns. The focus of this study 

is to understand the wind and wave conditions in the reservoirs in a general sense, so that erosion 

assessments could be carried out in different regions.  Therefore the wind fields developed for 

the reservoirs are intended to be representative wind fields, and are not intended to simulate in 

detail the countless local wind zones that exist throughout the reservoirs. 
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4.5.1 Regional Wind Data Sources 

To evaluate erosion over the period since the reservoirs were constructed, it was necessary to 

develop a wind file from 1973 to 2012, including the period of the wave gage deployment that 

ended in the middle of July 2012.  In order to complete this data set, it was necessary to combine 

the Anderson Airport winds prior to 1988, the ONS 60 m (197 feet) tower winds from 1988 to 

June 30, 2012, and winds from Oconee Regional Airport from June 30, 2012 to mid July 2012.  

Long-term wind data were obtained from Anderson Regional Airport, providing an hourly wind 

record from 1973 to 2010.  This anemometer was located at a height of 10 m (32.8 feet) above 

the ground, the standard for wind measurements, and therefore, the standard height for wind 

measurements used for wave hindcasting.  Measurements made at lower or higher distances 

above the ground are typically corrected to this standard elevation. 

Anemometers are also in place at ONS.  These anemometers are installed at different locations 

and elevations, and with different periods of record.  The anemometer locations are shown in 

Figure 4-5.  The winds were generally found to be more representative when the higher (60 m) 

ONS tower winds were assessed. Based on a review of the anemometer data, data from the 

Primary anemometer (1988 to June 30, 2012) were selected for use on this project. With 

anemometers located at lower elevations, localized effects were found.   

Data from Oconee County Regional Airport are available from 2001 to present (see Figure 4-5 

for location).  The anemometer was moved in 2005.  The anemometer was located at a height of 

10 m (32.8 feet) above the ground, the standard for wind measurements.  Data for the period July 

1, 2012 to mid July 2012 were used to extend the data set to include the period of wave 

measurement (discussed in Section 4.6) because an overlap with wave data was required for 

model validation purposes. 

4.5.2 Wind Scaling 

The ONS Primary anemometer data were scaled to represent the wind speeds at a 10 m 

elevation.  There are various methods to do this for wave hindcasting; however, most of these 

methods are based upon relationships developed over large open water areas and therefore may 

not be directly applicable.  With long duration winds from the Anderson Airport and the ONS 

Primary Anemometer, a site-specific scaling relationship was developed based on a Quantile-

Quantile (QQ) plot.  The QQ plot uses concurrent wind speed records only (i.e., same time 

period, same hours) and determines quantiles (e.g. 50%, 75%, 90%, 99%, etc.) of wind speed for 

each data set.  When the two quantiles are plotted against each other, it provides an assessment 

of the relative magnitude between the two data sets.  The QQ plot for Anderson Airport and the 

ONS Primary anemometer is provided in Figure 4-12.  



 

27 

Figure 4-12  QQ Plot Comparing ONS Primary and Anderson Wind Speeds (WSPD) in mph 

 

From this plot, and as expected, it is apparent that the ONS 60 m (197 feet) winds are generally 

stronger than the winds recorded at a 10 m (32.8 feet) elevation at the Anderson Airport.  This 

plot was used to develop a correction function for the winds from the ONS Primary station, in 

order to represent the winds at a 10 m (32.8 feet) elevation.   

4.6 Wave Measurement Program 

4.6.1 Instrumentation 

Wave gages were deployed for two separate periods of about one month, representing spring and 

summer wave conditions.  Two Nortek Acoustic Waves and Currents (AWAC) wave gages were 

deployed in each reservoir.  The instrument locations are shown in Figure 4-5 and details of the 

field program are provided in Appendix A. 

The instrument locations were selected to include different levels of exposure to wind and boat-

generated waves.  Instrument K1 was located in the north end of Lake Keowee, in an area of 

high boat traffic, near the Fall Creek access. Instrument K4 was located in southern Lake 

Keowee, near a small island.  This island is also known as Island 1, as shown in Lake Keowee 

Map #324 from the Adopt-An-Island Program (see Appendix A). The island location is offshore 

of the Lake Keowee Marina, in an area also exposed to larger fetches and wind-waves. 

Instrument J1was located on the south shore of Lake Jocassee, near the Devil’s Fork State Park 

access. This area is exposed to both boat and wind-waves. Instrument J2 was located at the 

access to the north arm of Lake Jocassee. This site is exposed to large fetches and boat traffic to 

and from the north arm. 
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The wave gages recorded both wind and boat-generated wave components during the 17-minute 

burst samples every 20 minutes.  Wind-waves typically have a consistent direction during the 

sample, whereas boat waves may approach from any direction within the same burst sample.  As 

a result, the reporting of wave direction is only possible for wind waves when there are minimal 

boat waves present.  A range of boat wave periods were also measured within a given sample.  

As a result, the analysis focused on the wave height data during the analysis of the recorded 

wave data. 

4.6.2 Wave Data Sample Results 

Different gages demonstrate the types of wave conditions observed.  One of the larger wind-

wave events recorded occurred on Lake Jocassee on the evening of July 5, 2012.  Results from 

the gage near Devil’s Fork State Park (J1), showing the 17-minute sample and the individual 

waves that were recorded are provided in Figure 4-13.  This sample shows some individual wave 

heights of over 0.8 m (2.6 feet), while the significant wave height was over 0.5 m (1.6 feet). 

 

Figure 4-13  Example of Wind Waves on Lake Jocassee at J1 

 

 

Figure 4-14 shows an example of boat waves with a fairly active background wind and boat 

wave level.  The duration of the boat wave record depends on the type/speed of the vessel and 

how close the boat passes by the wave recorder.  Longer wave records generally indicate a vessel 

further away, and suggest that the wave height would have been higher closer to the vessel.  This 

figure shows five sets of boat waves, possibly due to more than five boats. 
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Figure 4-14  Example of Boat Waves with Background Wind/Boat Waves on Lake Keowee at K1 

 

 

Figure 4-15 shows boat waves on Lake Keowee at K1 during a calmer period, with background 

wave levels of about 3 cm (1.2 inches).  These background waves are very small and represent 

the approximate limit of what can be measured by the instrument.  This figure shows what 

appear to be four sets of boat wakes that were probably generated by boats in close proximity to 

the gage.  Some of the background waves between the more defined groups of waves may be 

partially due to earlier or more distant boat waves.   

Figure 4-15  Example of Boat Waves During a Calmer Period on Lake Keowee at K1 

 



 

30 

 

One of the complexities in defining waves from the samples with boat waves is the typical 

method used to describe the waves is the “significant wave height” (Hs), which represents the 

average of the highest one-third of the waves.  The highest one-third of the waves in this sample 

would include the boat waves as well as much smaller background (wind) waves.  As a result, a 

different wave statistic such as H1/10 (the average of the highest one-tenth of the waves) provides 

a better measure of the wave height when bursts of boat waves are present.  Representing the 

wave sample using a statistic such as Hmax could result in questionable data since the maximum 

wave could result from a single questionable reading rather than an average of many readings. 
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5.0 WAVE ANALYSIS 

5.1 Approach 

Waves on Lake Jocassee and Lake Keowee are a combination of wind waves and boat waves.  

The relative amount of boat traffic and the fetch conditions will dictate whether the wave energy 

at any given location is primarily a result of wind waves or boat waves.  The fetch is the open 

water distance over which the wind blows to generate waves; the longer the fetch, the larger the 

wave height (and the longer the wave period). 

The wave instruments described in Section 4.6 collected both wind waves and boat waves.  

Separation of these two data sets is complex since these waves can have similar wave heights 

and periods.  During some sampling periods, larger boat waves were measured on otherwise 

calm days.  Other samples contained a combination of wind waves and boat waves that cannot be 

differentiated.  To better understand the effect of boat waves, the long-term boat wave trends 

need to be separated from the overall wave record.  Once these boat waves are understood, they 

can then be recombined with hindcast (predicted) wind waves. 

The prediction (future or past) of boat waves is intended to be a general representation of the 

wave conditions on the reservoirs, rather than an accurate value on any given day or at any given 

hour.  Temperature and precipitation patterns affect boating traffic, as do countless other external 

factors that are not considered in this analysis.  However, erosion trends are influenced by long-

term factors rather than conditions at a given single hour or day. 

The general approach in the wave analysis was to develop a wind wave hindcast model of the 

reservoirs, to provide an estimate of the wave conditions in the absence of boats.  The hindcast 

data was then compared with the measured data.  This comparison revealed agreement at times 

when there was little to no boat traffic, but an underestimate when there was more boat traffic.  

By correlating the underestimate with boat activity, the approximate magnitude of the boat 

waves was determined, as described in the following sections. 

5.2 Wind Waves 

A wave hindcast model was used to develop a wave climate for the period extending from the 

approximate time that the reservoirs were created in 1973 through July 2012.  Several numerical 

models were considered for this task including the MIKE21 Spectral Wave (M21SW) model and 

the Steady State Spectral Wave (STWAVE) model.  The M21SW model was selected for two 

main reasons: 

1. M21SW uses a flexible mesh approach which allows greater resolution where it is 

required, but allows the user to apply less resolution in more open regions.  This allows a 

better resolution near the shoreline without causing undue computational time associated 

with using a high resolution throughout the model domain. 

 

2. STWAVE uses a "half-plane" approach to waves, meaning that waves are typically 

generated along the x-axis of the model grid and can turn by almost 90 degrees in either 

direction.  This means that different wind and wave directions need to be modeled on 
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different grids to stay within these computational limits.  M21SW simulates all directions 

of wave growth and propagation on a single mesh.  This allows calibration time periods 

with varied wind directions to be simulated on a single mesh with a single time varying 

simulation, which greatly improves modeling efficiency. 

The M21SW model is a more recent model development and for this application was a much 

better choice than the older STWAVE model.  A summary of the model setup and validation 

follows.   

5.2.1 Model Setup  

The spectral wave module of MIKE21 (M21SW) was used to define the wave conditions in the 

reservoirs. The model uses an unstructured mesh, which is suitable to reproduce the irregular 

reservoir shoreline and associated bays at varied levels of detail.  Bathymetry and topography 

data described in Sections 4.3 and 4.4 respectively were used to develop the model grids.  The 

model domain for Lake Keowee is presented in Figure 5-1 and Figure 5-2. To reduce the model 

computation time, Lake Keowee was divided into a northern section and a southern section.  

Because of the reservoir’s geometry, this separation in the numerical model was possible without 

adversely impacting the wave modeling results.  The model domain for Lake Jocassee is 

presented in Figure 5-3. In order to improve the wave predictions near the COSMOS modeling 

sites (described in Section 6), the model mesh was refined near these locations. 
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Figure 5-1 Model Domain and Mesh for Lake Keowee – Northern Section (Horizontal Coordinate NAD83 

South Carolina State Planes, International Feet, HWL is 1110 ft AMSL)  
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Figure 5-2 Model Domain and Mesh for Lake Keowee – Southern Section (Horizontal Coordinate NAD83 

South Carolina State Planes, International Feet, HWL is 1110 ft AMSL) 
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Figure 5-3 Model Domain and Mesh System of Lake Jocassee (Horizontal Coordinate NAD83 South Carolina 

State Planes, International Feet, HWL is 800 ft AMSL) 

 

5.2.2 Model Validation 

The model was validated with the measured wave data collected for two 1-month periods 

between mid-April and mid-July, 2012 using Nortek AWAC wave gages (described in Section 

4.6).  Measurements were collected at the locations shown in Figure 4-5.  Wind data used in the 

hindcast are described in Section 4.5.  Representative water levels from the duration of the field 

study were used for the calibration:  795.9 feet AMSL for Lake Keowee, and 1086.0 feet AMSL 

for Lake Jocassee.   

The measured wave data show that wave heights are typically small, in the range of 0 feet to 0.5 

feet (see Section 4.6). The measurements also indicate heavy boat traffic, especially during the 
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weekends and public holidays, has a noticeable impact on the wave climate in the reservoirs.  

Calibration of the wind wave model focused on periods when winds were stronger and there was 

limited boat traffic, such as earlier in the season, on weekdays, and/or during the night. 

During the calibration process it became evident the wind conditions in the area are complex and 

highly variable.  With anemometers located at lower elevations, the locations were found to have 

localized effects.  As discussed in Section 4.5, the winds were generally found to be more 

representative when the higher (60 m) ONS tower winds were assessed.  This anemometer 

showed trends much more similar in speed and directional distribution to winds recorded at 

Anderson Airport. 

Wind wave hindcast model parameters established at similar sites were used in this model.  After 

the waves were hindcast, periods of larger waves in the hindcast were compared to the recorded 

wave conditions to validate the wave heights. 

Figure 5-4 through Figure 5-7 present comparisons of measured waves and model-predicted 

waves at K4, J1, and J2. As expected, data collected at K1, where fetches were small and boat 

waves dominated did not show a strong correlation between modeled wind waves and measured 

waves.   

To improve confidence in the model results, the wave model was also run for several very simple 

cases, including a flat bottom, regular basin shape and constant wind speed. Model results were 

compared with results of a parametric hindcast using empirical methodologies presented in the 

Coastal Engineering Manual (USACE 1996), and were found to agree well, providing further 

confidence in the wind wave model results.  

As expected, a direct comparison of recorded waves and hindcast wind waves shows 

discrepancies due to boat waves.  It is important to recognize that while trends in the boat 

activity and boat waves exist, there are numerous factors that can affect the actual amount of 

traffic and boat waves.  For example, unseasonably warm temperatures in April or May could 

cause higher boat traffic, while a cool rainy weekend in June could limit boat traffic.  Combining 

these highly variable boat waves with the spatially and temporally varied wind fields that exist 

over the reservoirs means that the comparison of the measured and predicted waves will at times 

be quite dissimilar.  

Model predicted and measured waves at K4 are shown in Figure 5-4 for the period June 20, 2012 

to July 12, 2012.  Note the model only simulates wind waves (it does not predict boat waves, 

which can be important during the weekends).  This is reflected in the data, which shows 

measured wave heights frequently exceeded predicted wave heights. Figure 5-5 provides a 

comparison of predicted wind-waves and measured waves for June 24 (Sunday) to June 29 

(Friday).  The model captured the wind-wave event (6-13 mph) on June 25 to 26.  Figure 5-6 

demonstrates that the model can reproduce the “significant” wind-wave events on Lake Jocassee. 

For this comparison period, the wind speed reached 10-21 mph during April 23 to 24. Figure 5-7 

shows the comparison of measured and model predicted waves at J2 on Lake Jocassee. Wind 

speeds were generally lower in June and the wave heights were also lower. 
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Figure 5-4 Comparison Between AWAC Measured Waves and Model Results at K4 in Lake Keowee 

 

Figure 5-5 Comparison Between AWAC Measured Waves and Model Results at K4 in Lake Keowee for 

Weekdays 
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Figure 5-6 Comparison Between AWAC Measured Waves and Model Results at J1 in Lake Jocassee 

 
 

Figure 5-7 Comparison Between AWAC Measured Waves and Model Results at J2 in Lake Jocassee 

 
 

5.2.3 Long-Term Wave Hindcast 

Following model validation, a long-term wave hindcast was prepared for the period 1973 to 

2012.  A high water level (HWL) of 800 feet AMSL was used for the Lake Keowee hindcast, 

and 1110 feet AMSL was used for the Lake Jocassee hindcast.  Due to the steep shorelines in the 

area, the model results were not found to be sensitive to water level. 
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To convert the wind time-series into a wave climate at selected locations, a wind matrix was 

prepared which contains the combination of various wind speeds and directions. The wind 

speeds ranged from 0 - 67.1 mph (0-30 m/s), with a speed interval of 4.47 mph (2 m/s) and wind 

directions between 0 - 360˚, with a direction interval of 22.5˚. Appendix B provides examples of 

the M21SW model output from these simulations. 

The wind wave model was run for the wind conditions listed above and a wind-wave transfer 

function was produced for selected locations.  The long-term wind time-series can be converted 

into a wave time-series through interpolation of the wind-wave transfer function. The output 

wave data include wave height, wave period and direction for each hourly record in the wind file.  

This methodology is possible because the reservoirs are small enough that the waves will 

become fully developed in less than one hour.  It also means that filling gaps in the long-duration 

time series is not necessary, since some data gaps in the resulting wave file are not a problem. 

Interpolation of the gaps is possible but would not add any meaningful data to the analysis. 

Wave data were produced for each of the locations selected for COSMOS modeling, as listed in 

Table 5-1 and shown in Figure 5-11.  The naming convention used for wave hindcast locations 

corresponds to the naming convention used for the COSMOS modeling described in Section 6.  

Locations K1, K4, J1 and J2 also correspond to the wave measurement locations.  Waves were 

extracted at a location immediately offshore from the sites where the waves would be considered 

to be in “deep water,” which is defined as the maximum depth to which the wave orbital motion 

in the water below the waves extends.  For the wave periods under consideration at these sites, 

deep water is anything deeper than about 11 feet.  Note this initial hindcast provided wind waves 

only and did not include the influence of boat waves. 

Table 5-1 Selected Locations for Long Term Wave Hindcast  

Location 
State Plane Coordinates 

(ft) 

 

X Y 

K1 1430039 1119513 

K2 1420395 1081839 

K4  1414981 1055787 

K5  1430265 1100221 

K6  1428950 1108889 

J1/J4 1416560 1143385 

J2 1419759 1149822 

J3 1411743 1151660 

J5 1428161 1161697 
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5.3 Boat Waves 

5.3.1 Usage Trends 

The Louis Berger Group (Berger 2008) examined recreational activities in Lake Keowee and 

Lake Jocassee, documenting various types of recreational activities and trends.  The information 

from these studies was examined to understand trends that could be used to determine the level 

of boat traffic in the reservoirs. 

Boat traffic exhibits many temporal patterns, with variations occurring by time of day, day of 

week, time of year, and long-term annual trends.  Berger provided an assessment of the 

conditions throughout much of 2007.  This provided a baseline condition that was used to 

determine the usage patterns at a sub-annual level.   

The boat counts used to examine traffic patterns on the reservoirs were limited, so road traffic 

counts in the public access areas and parks were used to supplement these data.  The assumption 

here is that the boating traffic on the reservoir is approximately proportional to the other 

recreational uses taking place in the area.  The methodology used to define the boating activity is 

described below. 

5.3.1.1 Time of Day 

The traffic counts provided long term average trends in park usage over the day.  The results 

from eight different sites were combined to provide an average time of day usage on the 

reservoirs.  While these values represent the vehicle traffic into and out of the park, there is no 

way to determine the exact number of people in the park, since the counts are non-directional.  

Furthermore, there is no documentation of passenger vehicles compared to vehicles with trailers.  

However, the trends observed in these data provide an estimate of the recreational use in the 

area.  Figure 5-8 shows the time of day variation, normalized to show the average peak activity 

at a value of 1.0.  

Figure 5-8 Average Boating Activity Variation Over a Day 
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5.3.1.2 Daily Variation 

Using the traffic count data, the total number of vehicles counted was tallied for weekends and 

weekdays.  Counts were assessed on a monthly basis, producing 12 pairs of data, representing 

the total recreational usage on weekdays and weekends in each month.  Generally speaking, 

usage on weekdays was similar with the exception of Friday, which was higher.  Usage on the 

weekend days was approximately the same, and was two to three times the usage on weekdays.  

Friday was assigned an activity level that was an average of the two values.  Figure 5-9 shows 

the total recreational usage as a function of weekday and month.  These data have also been 

normalized to represent a value of 1.0 at the peak usage, on a summer weekend. 

Figure 5-9 Average Annual Recreational Usage 

 

5.3.1.3 Annual Trends 

Past, present and future annual trends in boat use were assessed based on Berger (2008) 

considering the number of registered boats in the area, population trends and other factors.  

These numbers were combined to provide an annual recreational boating level, normalized to a 

value of 1.0 in 2007 when the study took place.  Figure 5-10 shows population growth based on 

the data presented in the Berger study.  Census data for South Carolina 

http://www.sciway.net/statistics/population.html was used for the period from 1973 to 1995, as this 

information was not presented in Berger (2008).  The data in Figure 5-10 are normalized to 2007, 

the year of the Berger study.   

During the early years after the reservoirs were constructed, it is unclear how the recreational 

activity responded to the newly created reservoirs.  It may have taken some time for usage to 

http://www.sciway.net/statistics/population.html
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develop, or the new reservoirs could have created a sudden boom in activity.  It is also likely the 

boat mix has changed over the years and therefore there is more uncertainty in the accuracy of 

the earlier values.  However, since erosion is a long-term trend, these early uncertainties will not 

be important to the overall conclusions of the study. 

Figure 5-10 Normalized Population and Population Forecast for South Carolina  

 

 

5.3.2 Boat Usage History 

The boat usage history was developed based on the factors that are described above, so that the 

amount of activity on the reservoir is defined as follows: 

BU = FHour  X  FDay,Month  X FYear 

                               where FHour is the time of day factor evaluated at each hour 

of the day; FDay, Month is a factor for weekday or weekend which is evaluated for each month of 

the year; and Fyear represents the annual trend in boat usage.   

This equation was used to approximate the relative level of boating activity at any hour from 

1973 to 2070. 

A further assumption is that the wave energy contributed by boats is proportional to the number 

of vessels.  Since the wave height is proportional to the square root of the wave energy, it follows 

that the wave height attributed to boats is proportional to the square root of boat use.   
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Determination of a wave height from the boat use history was achieved by assessing the 

difference between the measured waves and the modeled wind waves.  A wave scale factor, 

described in further detail below, that varies by location in the reservoir was then determined.  

With the appropriate choice of a wave scale factor, the monthly, daily and hourly fluctuations in 

the boat waves were produced.  The boat waves were then added to the hindcast wind waves on 

the reservoirs.  As noted earlier, the waves were combined on the principle of combining the 

wave energy, such that the total wave height is the square root of the sum of the boat waves 

squared, and the wind waves squared.                                

5.3.3 Boat Wave Scale Factor 

The boat wave scale factor was determined through comparison of time series wave data at the 

different sites.  If a boat scale factor of 1.0 was used, that implies that the waves at the peak of a 

summer weekend in 2007 were 1.0 foot in height.  Wave scale factors at the different 

measurement sites ranged from 0.33 at location K4 to 0.59 at location K1.  In Lake Jocassee a 

scale factor of 0.46 was used.  Note these scale factors have the units of wave height, so a 

coefficient of 0.33 feet produces a wave height in feet, corresponding to a factor of 0.10 m. 

There are many factors that influence the boat wave scale factor, which varies with location.  

These factors include: 

 Exposure of the shoreline:  Shorelines along busy channels have a higher boat wave scale 

factor than shorelines protected behind a headland or island. 

 Amount of traffic:  Some areas of the reservoirs see much more boat traffic than others, 

depending on proximity to boat ramps and other points of interest. 

 Speed of boats: No-wake zones result in reduced wave heights in areas of high boat 

activity. 

 Boat usage characteristics:  More open regions where people are wakeboarding or tubing 

may see higher wave activity, compared to regions where boats are passing through. 

 Types of boats:  Some regions may be frequented more by smaller fishing boats while 

others may see more usage from larger cruisers. 

 Width of channels:  Wider channels leave more distance for boat waves to dissipate into 

smaller waves before approaching the shore, compared to narrower areas that may have 

fewer but higher waves from a similar boat passage. 

 Nearby bays:  When the shoreline has many narrow bays, any reflections from the shore 

may be confined within smaller areas and not build up as much in the central part of the 

channel. 

 Shoreline characteristics:  Regions with steep rocky shorelines or cliffs reflect much more 

wave energy than shallow marsh areas. 

With these and many other factors to consider, the boat factors for regions where wave 

measurements were not completed were estimated.  The selected wave factors are provided in 

Table 5-2 for the locations shown in Figure 5-11.  These wave height factors were chosen based 

on the values determined at the measurement sites, and in consideration of the factors listed 

above for those sites.  This allowed characterization of boat wave influence in areas where 

instrumentation was not placed.  To address the uncertainty in the appropriate choice of the boat 

wave scale factor, some sites included a sensitivity analysis where a range of scale factors were 

assessed. 
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Figure 5-11 Wave Hindcast Locations 
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Table 5-2 Selected Locations for Long Term Wave Hindcast  

Location  
Scale 

Factor (ft) 

Scale 

Factor (m) 
Comment 

K1 0.59 0.18 

Measurement location – highest factor was in this area.  

Position on inside of sharp bend may have been partial 

cause of higher waves. 

K2 0.33 0.10 
Near High Falls area which could increase traffic.  Bays 

may help dissipate waves. 

K4 0.33 0.10 

Measurement location – potentially high traffic area but 

more open and boats may pass through and not remain 

in area 

K5 0.33 0.10 
Along main north/south channel in lake.  Expect higher 

traffic yet still more open area may spread boat paths 

K6 0.33 0.10 
Along main north/south channel although some traffic 

may route east of island to lessen wave action. 

J1 0.46 0.14 

Measurement location – rocky shorelines may be partial 

cause for higher factor.  Close to Devil’s Fork State 

Park main ramp. 

J2 0.46 0.14 
Measurement location – rocky shoreline and traffic 

leading to north arm of Jocassee. 

J3 0.46 0.14 

In narrower channel in regions where boats would 

transit going to points of interest.  Estimated to be 

similar to J1, J2. 

J4 0.46 0.14 
Close to Devil’s Fork State Park main ramp and boat 

traffic heading north and west. 

J5 0.46 0.14 

In narrower channel in regions where boats would 

transit going to points of interest.  Estimated to be 

similar to J1, J2. 

 

Following selection of the boat wave scale factor, it was possible to define the boat wave height 

at each hour of the hindcast period.  Boat waves were assumed to have a wave period of two 

seconds, and a direction that was moving towards the adjacent shore.  Therefore, for each 

comparison location, both a boat wave factor and a shore normal were defined. 

Boat waves and wind waves were combined based on the principle of wave energy.  The 

resultant wave height was determined to be the square root of the sum of the two wave heights 

squared.  The wave direction of the resultant wave was determined based on a vector average of 

the two wave energy components.  This generally means that the combined waves take on a 

more shore perpendicular direction (approaching the shore more directly) than the original wind 

wave direction.  The peak period was defined as either the wind wave value or the boat wave 

value (two seconds), depending on which component was larger. 



 

46 

5.4 Relative Influence of Boat Waves and Wind Waves 

Boat waves and wind waves exist throughout the Project area, with greatly varied magnitudes.  

In areas where the fetches are longer, and particularly in prevailing wind directions, the wind 

waves are the dominant part of the wave energy.  The addition of boat waves in these areas 

results in a minor increase in the wave heights.  Conversely, in regions where there are short 

fetches and very small exposure to wind waves, boat waves make up a more significant part of 

the wave energy. 

A quantile-quantile approach was used to evaluate the contribution of boat waves to the wave 

climate.  Matching pairs of hourly wave heights (without and with boats) was considered.  If the 

boat waves make no difference, the data should plot along or close to the 1:1 line.  As the boat 

waves become more important to the wave climate, the line shifts upwards, reflecting an 

increased wave height when boats are present. 

 

Figure 5-12 shows the QQ relationships for the J1, J2, J3, J4 and J5 locations on Lake Jocassee.  

The same hindcast was used for Locations J1 and J4 as there located very close together.  All of 

these lines plot relatively close to the 1:1 line, with the largest amount of deviation from the line 

taking place at moderate to low wave heights.  This indicates the largest waves are generally due 

to wind waves on this more open reservoir.  Boat waves do play a factor, but they generally 

increase more normal wave conditions.  When the wind waves become larger, the addition of 

boat waves is of little importance. 

 

Figure 5-13 shows the QQ relationship for the locations on Lake Keowee.  While the K2, K3, K4 

and K5 locations appear similar to the Lake Jocassee results (about a 15% increase in moderate 

wave heights), K1 shows a very different trend.  Due to the sheltered location of K1, the wind 

waves in this area are much smaller and the addition of boat waves comprises a significant part 

of the wave climate throughout the range of wave heights.  The other sites are exposed to larger 

fetches.  It is worth noting K1 was assigned a boat scale factor of 0.59 while the other locations 

were assigned a value of 0.33.  Variations in boat scale factors were also assessed in the 

sensitivity analysis for the shoreline erosion modeling. 
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Figure 5-12 Q-Q Plot Showing Significance of Boat Waves at J1/J4, J2, J3 and J5 on Lake Jocassee 
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Figure 5-13 Q-Q Plot Showing Significance of Boat Waves at K1, K2, K4, K5 and K6 on Lake Keowee 
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6.0 SHORELINE EROSION 

Section 6.0 describes the shoreline erosion investigation on Lake Keowee and Lake Jocassee, 

which included a literature review, field observations, historical aerial photograph interpretation, 

and numerical modeling of shoreline erosion.  The results and our interpretation are summarized 

in the following sections. 

6.1 Influence of the Hydroelectric Projects on Former Mountain Valleys 

6.1.1 Shoreline Response to Flooding 

Prior to discussing the results of this erosion investigation, it is important to review the sequence 

of events since the early 1970s.  Prior to the dam construction in 1971, Lake Keowee was a 

mountain valley in the Piedmont Province.  In other words, there was no erosion attributable to 

wind waves and boat wakes because there was no reservoir.  Similarly on Lake Jocassee, prior to 

the dam construction in 1973, the present reservoir area was part of a large steep mountain valley 

in the Blue Ridge Province, along the edge of the Appalachian Mountains.  There was no 

reservoir or shoreline, and no erosion attributable to waves. 

Prior to the initial filling of the reservoir, all the trees below the anticipated full pond level were 

removed on Lake Keowee.  On Lake Jocassee, only the trees on the upper portion of the slope 

were removed.  The trees in the bottom of the former mountain valley were not harvested.  Refer 

to Figure 6-1 for a picture of Lake Jocassee in 1972 during the filling period, with just the tops of 

the former valley trees showing in the middle of the reservoir.  The upper portions of the slope 

have been totally cleared of vegetation.  

Figure 6-1  Photo of Lake Jocassee During Initial Filling of the Reservoir.  Note the Tree Tops in the Former 

Valley.  Photograph courtesy of John Hains 
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6.2 Science Based Erosion Assessment 

The erosion assessment completed for this investigation followed a science-based approach, as 

described in the following steps: 

 Step 1 – Complete a shoreline classification for the entire shoreline of both reservoirs. 

 Step 2 – Collect site observations from land and water on both reservoirs. 

 Step 3 – Select ten representative sites that cover the full range of shoreline conditions 

identified in the classification on both reservoirs. 

 Step 4 – Historical aerial photo comparison at representative sites to measure the rate of 

shoreline erosion since the early 1970s. 

 Step 5 – Computer modeling to simulate erosion processes at the representative sites. 

 Step 6 – Draw conclusions from multiple lines of evidence.   

The details of these steps are described in the following report sections. 

6.2.1 Orbis Shoreline Classification 

The previous Orbis shoreline classification characterized the shoreline as either an eroding scarp 

(of various height classes) in soil overburden or bedrock, and noted whether it was protected or 

unprotected.  For the purpose of this erosion investigation, the original categories developed by 

Orbis were consolidated as follows.  First, all active low, medium and high scarps were 

consolidated into unprotected scarp in soil or overburden, since scarp height is primarily related 

to the slope of the shoreline terrain, not the erosion rate.  The passive categories (low, medium 

and high) where combined into scarp in erodible bedrock or protected shoreline.  Active none 

was changed to stable shoreline in soil or overburden and passive none was changed to stable 

bedrock shoreline.  Refer to Table 6-1 for a summary of the changes and Appendix C for the 

mapping of the classification. 

Table 6-1  Original Orbis Shoreline Classification and Modifications by Baird 

Orbis Original 

Shoreline 

Classification 

Description of Orbis 

Classification 

Modified Orbis 

Shoreline 

Classification 

COSMOS Erosion 

Modeling Sites 

Lake Keowee 

Active 

Low/Med/High 

Unprotected Scarp Shoreline 

in Soil Overburden.  Scrap 

Ranges in Height from <1 ft 

to > 3 ft 

Scarp in Soil or 

Overburden 

K1, K2, K4 

Passive 

Low/Med/High 

Protected Shoreline or Scarp 

in Erodible Bedrock.  Scrap 

Ranges in Height from <1 ft 

to > 3 ft 

Scarp in Erodible 

Bedrock or Protected 

Shore 

K5, K6 

Active None No Eroded Scarp, 

Unprotected with Soil 

Overburden 

Stable Shoreline in 

Soil or Overburden 

No Modeling 

Required 

Passive None No Eroded Scarp, Bedrock Stable Bedrock No Modeling 
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Shoreline or Protected Shoreline or Protected Required 

Lake Jocassee 

Active 

Low/Med/High 

Unprotected Scarp Shoreline 

in Soil Overburden.  Scrap 

Ranges in Height from <1 ft 

to > 3 ft 

Scarp in Soil or 

Overburden 

J4, J5 

Passive 

Low/Med/High 

Protected Shoreline or Scarp 

in Erodible Bedrock.  Scrap 

Ranges in Height from <1 ft 

to > 3 ft 

Scarp in Erodible 

Bedrock or Protected 

Shore 

J1, J2, J3 

Active None No Eroded Scarp, 

Unprotected with Soil 

Overburden 

Stable Shoreline in 

Soil or Overburden 

No Modeling 

Required 

Passive None No Eroded Scarp, Bedrock 

Shoreline or Protected 

Stable Bedrock 

Shoreline 

No Modeling 

Required 

 

6.2.1.1 Stable Bedrock Shoreline 

Figure 6-2 is a photo of a typical shoreline on Lake Jocassee that features an exposure of the 

Henderson Gneiss that has been classified as Stable Bedrock by Orbis.  This particular shoreline 

features a very steep slope.  The lake level at the time of the photograph on March 21, 2012 was 

1086.4 feet AMSL or 23.6 feet below the full pond level of 1,110 feet AMSL.  The lower limit 

of the vegetation is approximately equal to the full pond level contour.   

Figure 6-2 Lake Jocassee Shoreline in Henderson Gneiss 
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Below the vegetation line, the combination of fluctuating reservoir levels and incident wave 

energy since the early 1970s has eroded the shallow soil horizon of the former mountain valley, 

exposing the underlying bedrock.  Secondary erosion mechanisms include overland runoff into 

the lake, freeze-thaw cycles and wetting-drying.   

The ‘tree spiders’ in Figure 6-2 (root systems of dead trees anchored in the bedrock face of the 

shoreline) support our observations that the only erosion to occur at sites like this over the last 40 

years has been the removal of the shallow soil horizon above the native bedrock.  The base of the 

tree trunk is still present and approximately one foot above the bedrock slope.  The roots remain 

anchored in the bedrock after 40 years, which also supports our findings there has been no 

measurable erosion of the underlying bedrock substrate.   

The sequence of physical changes to these former mountain valleys following the creation of 

Lake Keowee and Lake Jocassee is further summarized in a descriptive model in Figure 6-3 and 

in the following bullets: 

 Stage 1:  The footprint of Lake Keowee and Lake Jocassee correspond to former 

mountain valleys in the Piedmont and Blue Ridge Provinces, respectively.  The valley 

slopes were steep, especially on Lake Jocassee, and heavily vegetated.  The underlying 

bedrock was capped with a thin soil horizon. 

 Stage 2:  Following the dam construction, the reservoirs were filled and fluctuated 

between the full pond contour and lower limit, due to climatic factors and the operation 

of the Project.  The former forest vegetation on the valley slope eventually died below the 

full pond contour or was harvested before the reservoir was filled.  Above the full pond 

contour, a mature forest canopy remains today. 

 Stage 3:  The energy associated with the incident wind waves and boat waves on the 

newly created reservoir exceeded the resisting properties of the shallow soils, and the 

soils eroded exposing the underlying bedrock.  Today, in many locations all that remains 

are exposures of bedrock and the tree spiders, which are remnants of the former forest 

prior to flooding.  The local bedrock, such as the Henderson Gneiss, is hard enough to 

resist erosion and therefore does not erode at a measurable rate over several decades for 

the Stable Bedrock Classificaiton of Orbis. 

 Stage 4 and the future:  Much of Lake Keowee and Lake Jocassee are presently in 

Stage 4, where the former mountain valley vegetation has been eroded below the full 

pond contour of the two lakes.  Where the bedrock is hard and competent, it is able to 

resist the erosive forces of the incident waves and there has been no measurable erosion.  

In the future, assuming there are no changes to the operational range of the two reservoirs 

or the incident waves climate (due to climatic factors or boat traffic changes), these 

shorelines will be stable for a very long time.   
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Figure 6-3 Descriptive Model of Mountain Valley Evolution Following Dam Construction 

 

 

In some locations, the bedrock at the shoreline is softer than the Henderson Gneiss and the 

incident wind and boat waves are able to erode the bedrock, especially if it is heavily fractured or 

interbedded with weak seams.  In these circumstances, a small erosion scarp develops at the full 

pond elevation in Stage 3.  These types of sites were selected for the erosion modeling described 

in Section 6.4 and are further explained in the following report sections.   

6.2.1.2 Scarp in Erodible Bedrock 

The bedrock on Lake Keowee and Lake Jocassee is very old and has been highly modified 

during the life cycle of the Appalachian Mountains (folding and faulting), then by chemical and 

physical weathering.  When exposed at the surface, this heavily weathered bedrock is known as a 

saprolite and it is susceptible to wave erosion since it has physical characteristics similar to a 

heavily consolidated soil.    

A sample of a scarp in erodible bedrock on Lake Jocassee is presented in Figure 6-4.  The yellow 

triangle identifies the zone of wave action at the shoreline where the bedrock has eroded since 

the early 1970s.  A tree spider is located at the lakeward end of the triangle, which supports our 

observations that the erosion has been focused on a narrow zone of the shoreline near the full 

pond contour.  Lakeward of the tree spider, the profile has been stable. 
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Figure 6-4 Shoreline Classified as Scarp in Erodible Bedrock 

 

 

6.2.1.3 Scarp in Soil or Overburden 

A typical example of a shoreline that features a scarp in soil or overburden is presented in Figure 

6-5.  For this category of the shoreline classification, erosion occurs when the incident wave 

energy exceeds the resisting properties of the soil.  Over time, a notch develops at the full pond 

elevation, leading to the scarp feature seen in Figure 6-5.   

The sediment that has eroded from these shorelines since the early 1970s is re-deposited close to 

the scarp, since longshore sediment transport potential is very limited on these small lakes.  For 

example, the sandy material in the eroded soil is re-worked by waves to form the local beaches 

on Lake Keowee and Lake Jocassee.  Much of this material is just transported in a cross-shore 

direction, from the eroding scarp to the beach.   

 

 

~6 
ft
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Figure 6-5 Shoreline Classified as Scarp in Soil or Overburden 

 

 

6.2.2 Influence of Lake Level Fluctuations on Erosion 

On both Lake Keowee and Lake Jocassee, water level fluctuations don’t determine if erosion 

will occur, rather, they influence “where” the erosion occurs on the profile when the incident 

wave energy exceeds the resisting property of the local soils and bedrock.  In other words, the 

water level fluctuations, whether due to natural climatic factors or the operational procedures of 

the dams, serve to distribute (spread) the erosion across the nearshore profile, from the record 

low level to the full pond level.   

If the local soils or bedrock are erodible, the distribution of the wave energy across a wide zone 

of the nearshore profile forms what is known as a wave cut bench or platform.  This bench is 

observed in some of the detailed erosion sites discussed in the next section of the report but it is 

very narrow due to the relatively slow rate of erosion occurring around the perimeter of the two 

reservoirs, and the limited period of time that the reservoirs have existed.  This is investigated in 

Section 6.4. 

6.2.3 Selection of Detailed Study Sites 

Since the shorelines of Lake Keowee and Lake Jocassee combined represent 480 miles of 

shoreline, it was simply not possible to measure and model erosion processes everywhere.  

Therefore, the modified shoreline classification summarized in Table 6-1 was used to select 

representative sites for the scarp shorelines in soil or overburden and scarp shoreline in erodible 
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bedrock on each lake.  No erosion modeling was completed for the protected shorelines.  

Similarly, no assessment was made for locations classified as stable soil or stable bedrock, since 

there is no active erosion at these sites.  A total of ten sites where selected across the two lakes to 

simulate erosion processes across the full spectrum eroding shoreline.  Refer to Table 6-1 for the 

site names.  Their location and spatial distribution across Lake Keowee and Lake Jocassee are 

noted in Figure 6-6.   
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Figure 6-6 Location of COSMOS Erosion Profiles 

 



 

58 

6.3 Field Observations and Profile Measurements 

Multiple lines of evidence were used to evaluate shoreline erosion at ten representative sites that 

feature eroding shorelines in soils and soft bedrock.  The location of these sites was noted in 

Figure 6-6 and our field observations are described further in the following report sections.   

6.3.1 K1 on Lake Keowee (scarp in soil or overburden) 

Site K1 is located on the eastern side of a large island in the northern end of Lake Keowee.  The 

island is exposed to a large volume of boat traffic and the bedrock has been classified as a Poor 

Mountain Formation (PMa[c]) by Duke Energy (2011b).  Based on our site visit observations 

and geology mapping, the rock associated with the PMa[c] is significantly weaker than the 

Henderson or Granite Gneiss found elsewhere in the study area and capped with a thin soil.  As 

seen in Figure 6-7, a small erosion scarp has evolved at the full pond elevation on the right hand 

side of the photograph.  On the left side of Figure 6-7, the bedrock is more competent and does 

not appear to be eroding.    

A profile for K1 is plotted in Figure 6-8, along with the minimum and full pond elevation for 

reference. It is between these two levels that incident waves can reach the shoreline and attack 

the weak bedrock.  A small notch or inflection is observed in the profile data in Figure 6-8, close 

to the full pond elevation, which is in the early stages of a wave cut terrace or bench.   

Figure 6-7 Site K1 

 



 

59 

Figure 6-8 K1 Profile (Full Pond Elevation and Observed Minimum Reservoir Level as Blue Lines) 

 

6.3.2 K2 on Keowee (scarp in soil or overburden) 

Site K2 is located in a small embayment along the southwest shore of Lake Keowee.  The site is 

relatively sheltered from wind-generated waves but there is a boat launch on the north-west shore 

of the embayment.  As seen in the oblique photograph in Figure 6-9, the site does feature a steep 

nearshore profile devoid of vegetation.  Similar to K1, the elevation of the vegetation line is 

approximately equal to the full pond elevation.  It appears the former vegetation below the full 

pond elevation and the shallow soil horizon has been removed by wave action since the early 

1970s.   

The profile for Site K2 is plotted in Figure 6-10.  The lake bottom features gentle undulations 

across the first 1800 feet and then features a very steep slope from 1800 feet to 2400 feet.  

Although there is a very small bench or shelf located approximately six feet below the lowest 

recorded reservoir elevation for Lake Keowee, the waves are too small at K2 to erode a bench at 

this depth.  Therefore, this geomorphic feature must be an artifact of the former mountain valley 

and is possibly bedrock controlled.   

Figure 6-9 Oblique Photograph of Site K2 (imagery from Bing Maps © Microsoft) 
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Figure 6-10 K2 Profile (Full Pond Elevation and Observed Minimum Reservoir Level as Blue Lines) 

 

6.3.3 K4 on Keowee (scarp in soil or overburden) 

The profile for Site K4 is located on the southwestern shore of a large island in the southern end 

of Lake Keowee (Island 1 in the Lake Keowee Adopt-An-Island Program, as shown in Appendix 

A).  Refer to Figure 6-11.  This site is exposed to a combination of wind waves from the south 

and west, plus local boat traffic.  A small erosion scarp was observed in the field; however, in 

general the shoreline appeared to be very stable.   

Figure 6-11 Oblique Photograph of Site K4 (imagery from Bing Maps © Microsoft) 

 

The combined bathymetry and topographic profile for K4 is plotted in Figure 6-12.  Below the 

recorded low lake level, the profile features a very consistent and steep 8:1 (H:V) profile.  Near 

the full pond elevation of 800 feet AMSL, a small inflection or notch is recorded in the profile 
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data (at 2,400 feet on the x-axis), which is due to the formation of a small wave cut bench and 

scarp at the site.   

Figure 6-12 K4 Profile (Full Pond Elevation and Observed Minimum Reservoir Level as Blue Lines) 

 

6.3.4 K5 on Keowee (scarp in erodible bedrock) 

K5 is located at the southern tip of an island in the central portion of Lake Keowee (Island 16A 

in the Lake Keowee Adopt-An-Island Program, as shown in Appendix A).  Refer to Figure 6-13 

for an oblique image of the site.  Bedrock is exposed at the shoreline and visible in the oblique 

image and is controlling the shape of the narrow peninsula at the tip of the island.  The profile, 

presented in Figure 6-14, features a smooth slightly concave profile from 600 to 1,000 feet on the 

x-axis.  There is no notch or observable sign of erosion in the profile data at the full pond 

elevation.   

Figure 6-13  Oblique Photograph of Site K5 (imagery from Bing Maps © Microsoft) 
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Figure 6-14  K5 Profile (Full Pond Elevation and Observed Minimum Reservoir Level as Blue Lines) 

 

6.3.5 K6 on Keowee (scarp in erodible bedrock) 

K6 is also an island site and located in the northern section of Lake Keowee, north of the power 

dam (Island 15 in the Lake Keowee Adopt-An-Island Program, as shown in Appendix A).  This 

site was classified as scarp in eroding bedrock, similar to K5.  Although there is a visible scarp at 

the full pond elevation, the shorelines of these islands appear to be very stable.  This observation 

is also confirmed with the profile data, presented in Figure 6-16, as there is no notch or scarp 

indicative of erosion at the full pond elevation.   

Figure 6-15  Oblique Photograph of K6 

 

 



 

63 

Figure 6-16  K6 Profile (Full Pond Elevation and Observed Minimum Reservoir Level as Blue Lines) 

 

6.3.6 J1 on Jocassee (scarp in erodible bedrock) 

Site J1 is located on the south shore of Lake Jocassee in a small triangular shaped embayment.  

A photograph of the shoreline conditions in May 2012 is presented in Figure 6-17.  Since 1973 

waves have removed the overburden or shallow soil horizon at J1 and some of the 

weak/fractured bedrock at the surface.  Now the saprolite is exposed and eroding.  At the full 

pond contour, a small vertical bank has developed.  The treeline is now stable and there were no 

signs of active erosion during our field visit. 

The profile for Site J1 (Figure 6-18) captures the narrow wave cut terrace or bench seen in the 

site photograph and the low crested near vertical bank.  The upper limit of the bench corresponds 

to the portion of the profile from the mean to normal full pond elevation, suggesting this feature 

was created by wave attack.   
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Figure 6-17 Site J1 

 

 

Figure 6-18 J1 Profile (Full Pond Elevation and Observed Minimum Reservoir Level as Blue Lines) 

 

6.3.7 J2 on Jocassee (scarp in erodible bedrock) 

Site J2 is a narrow promontory that extends southward into the main basin of Lake Jocassee.  

While the geologic mapping has identified this area as Henderson Gneiss, the field photograph in 

Figure 6-19 and our site observations indicate the saprolite is very weak at this site.  Since J2 is 

exposed to some of the longest wind fetches on Lake Jocassee, these weak bedrock is eroded by 

incident wave attack.   

The profile for Site J2 features a bench around the 1055 feet AMSL; however, this feature is 

located too far below the lowest recorded reservoir levels on Jocassee to be attributed to wave 

erosion processes.  It appears a wave cut bench is located at 1,100 feet AMSL.   
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Figure 6-19 Site J2 

 

 

Figure 6-20 J2 Profile (Full Pond Elevation and Observed Minimum Reservoir Level as Blue Lines) 

 

6.3.8 J3 on Jocassee (scarp in erodible bedrock) 

Site J3 is located on a headland that extends into the main basin of Lake Jocassee from the 

western shore, as seen in Figure 6-21.  Similar to the other erosion sites, the edge of the 

vegetation corresponds to the full pond elevation.  Below this elevation, waves have eroded the 

soil and any vegetation following the initial filling of the reservoirs.  The geology mapping 

(Duke Energy, 2011b) classifies this formation as the Chauga River Formation (CRfm).  Based 

on our site observations, this bedrock is heavily fractured and very weak.  When the incident 

waves have sufficient energy, they are able to break off pieces of the fractured bedrock, 

eventually leading to the creation of a coarse sand deposit.   
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Figure 6-21 Oblique Photograph of Site J3 (imagery from Bing Maps © Microsoft) 

 

The profile for J3 is presented in Figure 6-22 and features a very irregular bathymetric profile.  

The wave cut notch or scarp in the profile is also recorded between the low and full pond 

contours. 

Figure 6-22 J3 Profile (Full Pond Elevation and Observed Minimum Reservoir Level as Blue Lines) 

 

6.3.9 J4 on Jocassee (scarp in soil or overbuden) 

Site J4 is located across from J1 and just south of a boat launch.  The site is exposed to both wind 

waves from the north and east, along with boat waves.  As seen in Figure 6-23, a small scarp has 

developed at the back of the beach in the soil.  The vegetation above the scarp is very stable, 

indicating the long-term recession rate must be small at this site.  During the December 11, 2012 

field visit, tree spiders where identified on the profile below the full pond level, which also 

confirms the rate of erosion is very low.  The profile data presented in Figure 6-24 displays a 

small notch or inflection at the full pond elevation.   
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Figure 6-23  J4 Shoreline from Boat Video 

 

 

Figure 6-24  J4 Profile Data 

 

6.3.10 J5 on Jocassee (scarp in soil or overburden) 

Site J5 is located in the north-east corner of Jocassee and a large scarp at the back of the beach is 

visible in Figure 6-25.  This shoreline is less exposed to wind waves than the previous Lake 

Jocassee sites but recreational boat waves also reach the shoreline.  The notch or scrap at the 

back of the beach is visible in the profile data in Figure 6-26.  The eroded sediment from the 

bank has built the beach at this site. 
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Figure 6-25  J5 Shoreline from Boat Video 

 

 

Figure 6-26  J5 Profile Data 
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6.4 Shoreline Erosion Evaluation with Historical Aerial Photographs 

Historical aerial photos were used to investigate erosion rates at the ten locations selected for the 

COSMOS erosion modeling on Lake Keowee and Lake Jocassee, shown in Figure 6-6.  The 

quantification of shoreline erosion over time using aerial photograph interpretation typically 

relies on the selection of an erosion reference feature, such as the top of an eroding bank, the 

vegetation line of an eroding dune system, or in the case of this study, the top of the erosion 

scarp described for each of the ten erosion sites in Section 6.3.  The top of the erosion scarp also 

corresponds to the lakeward edge of the permanent vegetation.  Comparing the position of the 

erosion scarp from photos across different time periods is a defensible way to measure shoreline 

erosion rates (Dolan et al, 1991; Crowell et al, 1997).  Conversely, field observations alone only 

represent a snapshot in time and cannot be used independent of other data to verify if a shoreline 

features a long-term erosion rate, is stable, or is accreting.   

In order to compare survey grade vertical aerial photos from different time periods the photos 

first must be orthorectified.  The orthorectification process takes aerial photos and geometrically 

corrects them by removing the visual distortions created by topographical variations, camera lens 

distortion and camera tilt.  Once an aerial photo has been orthorectified, it is commonly referred 

to as an orthophoto.  When aerial photos from different time periods are orthorectified to a 

common geographic base, direct measurements and comparisons can be made between the 

erosion reference features, such as the top of the erosion scarp within the study area.  Various 

State and Federal agencies and privately contracted firms have already prepared orthophotos for 

the Project area.  The datasets reviewed for this analysis are listed in Table 6-2. 

Table 6-2  Orthophotos Used in Historical Shoreline Comparison 

Date Resolution(ft) Type Coverage Source 

26 February, 1994 3 B&W Lake Keowee and Lake 

Jocassee 

USGS 

25 March, 1995 3 B&W Lake Jocassee USGS 

20 February, 2000 3 Color- 

Infrared 

Lake Jocassee USGS 

2 March, 2005 0.5 Color Lake Jocassee Kucera Int. Inc. 

July-August, 2005 3 Color Oconee County USDA 

1 April, 2008 0.5 Color Lake Jocassee USGS, Aerials 

Express 

6-11 February, 

2011 

1 Color Oconee & Pickens 

Counties 

Duke 

6.4.1 Methodology 

At the ten locations selected for our detailed erosion analysis on Lake Keowee and Lake 

Jocassee, the recent February 2011 orthophoto was used to delineate the top of the erosion scarp 

or visible edge of vegetation.  It was digitally traced using E.S.R.I.’s ArcGIS ArcMap software.  
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To investigate changes in the top of scarp position over time, the 2011 scarp line was overlaid on 

the historic orthophotos.  Refer to Figure 6-27 for the results at K1 and Appendix D for the 

remaining sites.  When attempting to identify the top of the erosion scarp in the older 

orthophotographs, the following obstacles were identified: 

1. Dense Vegetation:  For heavily vegetated shorelines, such as forests, one of the limiting 

factors inherent with most aerial photos is that coniferous and deciduous trees (and their 

shadows) obscure ground features such as the top of the erosion scarp, especially when 

the photograph is collected during a “leaf on” period.  This problem was identified in 

many of the orthophotographs available for this study, making the identification of the 

pre-2011 erosion scarp very difficult. 

2. Ground Sampling Distance (GSD, or image pixel resolution):  Feature identification is 

generally limited to twice the horizontal resolution of the image.  Many of the older 

orthophotos (particularly 1994, 2000 and 2005) are considered coarse by present data 

collection standards at three foot resolution.  The implied error tolerance when tracing the 

top of the erosion scarp is double this or six feet.  In many cases, the amount of change in 

the erosion scarp between 1994 and present appeared to be less than six feet, making it 

impossible to defensibly measure a rate of erosion.  In other words, if the potential error 

in the digitized top of scarp line is greater than the amount of erosion, the results are 

inconclusive (Zuzek et al 2003).  However, it is clear the erosion rate is low (i.e. less than 

six feet from 1994 to 2011). 

3. High Contrast or Limited Color Depth:  High contrast photos are those with limited color 

variations of the pixel values that will make features, such as the erosion scarp, difficult 

to discern and appear washed-out.  In these types of aerial images, beach features become 

bleached white and ground features become lost in dark shadows.  For example, the 

February 2000 aerial photos used for Sites J2 and J3 on Lake Jocassee (Refer to 

Appendix D) illustrate the high contrast of the exposed bedrock along the shoreline.  Our 

ability to identify the top of the erosion scarp is further complicated by the afternoon sun, 

which is casting dark shadows to the northeast side of the trees. 

4. Low Erosion Rates:  In addition to the above factors, a very small erosion rate at most of 

the sites makes it very difficult to even identify the top of the erosion scarp prior to 2011.  

This is particularly true for the 1994 and 2005 orthophotography, due to the dense 

vegetation, poor resolution and limited color depth of the images.  When the 2011 erosion 

scarp line was overlaid on the 1994 and 2005 orthophotograph, it was not evident that 

any erosion had occurred over the last 18 years.   

Collectively, these limitations with the older orthophotographs make it very difficult to quantify 

changes in the position of the erosion reference feature over time.  However, information that 

could be gathered from the systematic comparison of the orthophotographs at the ten sites 

evaluated is discussed in the following report section.  
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Figure 6-27 Orthophoto Comparison for Site K1 
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6.4.2 Observations from the Comparison of Historical Orthophotographs 

Even though the shoreline comparison using aerial photography is limited by the quality of the 

older aerial orthophotos, it is clear the rate of erosion is very small.  This important observation 

and other important findings from the orthophotography comparisons are discussed below: 

 Site K1:  When the 2011 top of scarp (or bank) line is super-imposed on the 2008, 2005 

and 1994 orthophotographs, no erosion was identified within the range of error.  

Reservoir level fluctuations can change the horizontal position of the shoreline by 

approximately 30 feet since the historical range in lake levels is approximately 16 feet 

vertically from the early 1970s to present but this is not erosion, just a horizontal change 

in the waterline position. 

 Site K2:  The comparison of the 2011 top of scarp line at K2 to the 2008, 2005 and 1994 

orthophotographs indicate the shoreline has been very stable and is not presently eroding 

at a measurable rate within the range of error. 

 Site K4:  The dense vegetation on the K4 island makes it very difficult to map the top of 

the erosion scarp from any of the orthophotographs.  However, when the estimated 2011 

line is compared to the older orthophotographs, no measureable change was identified 

within the range of error.  In addition, the aerials do not display any of the typical signs of 

an actively eroding shoreline with dense vegetation, such as fallen trees or stumps in the 

water. 

 Site K5:  There is no measurable erosion rate within the range of error at K5 between 

1994 and 2011. 

 Site K6:  There is no measurable erosion rate within the range of error at K6 between 

1994 and 2011. 

 Site J1:  The comparison of the 2011 J1 top of scarp line to the 2005 and 1994 

orthophotographs suggest this study area has been very stable for the last 18 years. 

 Site J2:  There is no measurable erosion rate within the range of error at the J2 

promontory between 1994 and 2011. 

 Site J3:  There is no measurable change in the position of the scarp within the range of 

error between 2011 and 2005 at J3.  It is not possible to identify the top of scarp feature 

in the 2000 image.  When comparing 2011 to 1994, the J3 site appears to be very stable.  

Lake level fluctuations can have a significant impact on the waterline position due to the 

large range of water levels on Lake Jocassee (approximately 30 feet) but this is not 

erosion. 

 Site J4:  There is no measurable erosion rate within the range of error at J4 between 1994 

and 2011. 

 Site J5:  There is no measurable erosion rate within the range of error at J5 between 1994 

and 2011. 
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In summary, at the ten erosion sites investigated with orthophotographs the position of the 

erosion scarp from 1994 and 2011 has either been stable or the rate of change has been smaller 

than the positional accuracy of the orthophotographs (six feet).  In other words, while it is not 

possible to identify a defensible long-term erosion rate, it is clear the rate has been very small 

from 1994 to 2011 (less than six feet in total for the period).   

6.5 Shoreline Erosion Modeling with COSMOS 

This section of the report describes the shoreline erosion modeling that was performed with the 

Baird in-house numerical model “COSMOS.”  The modeling relies on data generated from 

several other components of this report and provides additional information on the lakebed and 

bank erosion processes occurring on Lake Keowee and Lake Jocassee in both erodible bedrock 

and soil/overburden shorelines. 

6.5.1 Modeling Objectives 

The objectives for the COSMOS modeling were twofold.  First, the model was calibrated to 

simulate the historical erosion rates for the representative shoreline sites from 1974 to present, 

which includes scarps in soil/overburden and in erodible bedrock.  Once the model was capable 

of simulating the historical erosion due to wind and boat waves, the boat waves were removed 

from the time series and the only erosion force remaining was wind generated waves.  The goal 

of this analysis was to estimate the relative importance of wind generated waves and recreational 

boat waves on erosion processes historically and moving forward into the future.  The model was 

also used to evaluate the impact of varying water levels on shoreline erosion.  

6.5.2 Model Description 

COSMOS is a process-based numerical model that estimates wave transformation, wave-induced 

currents, sediment transport, lakebed downcutting, and bank recession across a user-specified 

nearshore profile (Southgate and Nairn 1993; Nairn and Southgate 1993; Mollard & Baird 2003; 

Baird 2006; Kleinschmidt & Baird 2006 and 2008).  It simulates the following physical 

processes: 

 Wave transformation by refraction (by depth variations and currents), shoaling, bottom 

friction and wave breaking.  For random waves, a Battjes and Janssen framework is used 

for determining the distribution of wave height and the fraction of time that waves are 

breaking at any point. 

 Wave set-up determined from the gradient of wave radiation stress. 

 Longshore wave-induced currents, determined directly from the spatial rate of wave 

energy dissipation. 

 Longshore currents from wave-induced forces. 

 Cross-shore undertow velocities using a three-layer model of the vertical distribution of 

cross-shore currents. 
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 Transition zone effects (the transition zone is the distance between where a wave starts to 

break and where turbulence becomes fully developed). 

 Cross-shore and longshore sediment transport rates using an “energetics” approach 

 Lakebed and beach erosion due to cross-shore sediment transport using a Lax-Wendroff 

scheme. 

 Lakebed downcutting for consolidated or semi-consolidated sediment, and bank recession 

due to wave energy dissipation, turbulence and breaking at the toe of the bank. 

6.5.3 Estimating the 1974 Profile Condition 

In order to simulate shoreline erosion from 1974 to present, it was necessary to have a 1974 

profile of similar accuracy to the present data as provided by the 2010 bathymetry and 

topographic datasets.  Typically, historical bathymetry and topography, along with old aerial 

photographs are used to estimate the pre-flood profile conditions for reservoirs similar to Lake 

Keowee and Lake Jocassee (Mollard & Baird 2003; Baird 2006; and Baird 2007).  

Unfortunately, there was no useful orthophotography prior to 1994 and even the 1994 data is of 

questionable accuracy. 

In the absence of measured historical data, the profile morphology below the full pond elevation 

can often be used to estimate the amount of recession over the life of the reservoir (Baird 2006).   

The profile geometry of the erosion sites was reviewed in Section 6.3 of the report.  In most 

cases, the combined bathymetry and topography profile did identify a small wave cut terrace or 

bench in the profile, with an erosion scarp at the full pond elevation.  Given the relatively low 

rate of erosion on these lakes since 1974, the wave cut terrace and scarp typically show up as a 

very minor inflection or depression in the profile.  Refer to Figure 6-8 and Figure 6-22 for the 

best examples.   

Collectively, the profile data, information on bedrock geology at each site, field observations and 

the wave energy calculations from the hindcast were used to estimate a 1974 profile at each of 

the erosion sites.  These profiles and their application for the numerical erosion modeling with 

COSMOS are described in the next section.    

6.5.4 COSMOS Model Inputs and Calibration Process 

Three key inputs to the COSMOS model are required to complete the calibration process and 

then implement the model to estimate future erosion or other “what if” scenarios.  The first key 

input is a 2-D bathymetric and topographic profile.  This profile extends from the top of the bank 

to an offshore boundary where the waves are not influenced by the bathymetry (i.e. have not 

shoaled or refracted).  A minimum water depth of 40 feet was selected for the offshore boundary; 

however, the boundary water depth is greater for some profiles.   

The second input is a time series of water levels and wave conditions.  Hourly wave conditions 

predicted from the hindcast (described in Section 5.0) were used as the deep water input waves 

for COSMOS.  Both hindcasts with and without the addition of boat waves were simulated with 

the model, but the model was calibrated using the estimated full wave climate with wind waves 



 

75 

and boat waves. The hindcast without boat waves is a hypothetical condition for comparison 

purposes only.  Measured water levels extending from 1974 to present for both Lake Keowee 

and Lake Jocassee were also used as inputs to COSMOS. Sensitivity of shoreline erosion to 

water levels is evaluated in Section 6.5.7.  The lake levels were combined with the time series 

waves in a pre-processing toolkit known as X-Wave. 

A historical bank recession rate is the third key input parameter when calibrating the COSMOS 

model.  This can come in the form of a published long-term recession rates (e.g. 2 ft/yr) or be 

estimated from a historic and recent profile.  The historic profile provides the input profile 

condition and the recent profile is the target condition for the model output.   

The selected start date for the numerical modeling was January 1, 1974, as this was the earliest 

instance of reliable wind data for the wave hindcasting, and it is close to the date the reservoirs 

were formed.  The selected end date for the numerical modeling was July 2012.  This represents 

an approximate 38 year period for the model calibration. 

The input water levels and profile conditions for the model calibration at Profile J2 are 

summarized in Figure 6-28 below.  The gold line is an estimate of the 1974 lakebed profile and 

bank conditions.  The grey line with brown shading is the lakebed and bank profile based on the 

recent survey data (present conditions).  The green line represents the calibrated profile predicted 

by COSMOS.  The blue lines represent various lake levels for the period 1974 and July 2012 as 

recorded by the gage on Lake Jocassee.  The reservoir level range on Lake Jocassee between 

1974 and 2012 was approximately 31.5 feet.  For information purposes, the reservoir level range 

on Lake Keowee between 1974 and 2012 was approximately 16.0 feet. 

The time series of waves and water levels were converted to input files for the model and 

consecutive runs were completed to calibrate two coefficients in the model:  “disfac” which 

simulates lakebed downcutting and “blerode”, which simulates bank recession.  These two 

coefficients were tuned with repetitive COSMOS runs until the amount of predicted bank 

recession in COSMOS was within 5% of the aforementioned estimated bank recession (i.e. the 

target profile).  As seen in Figure 6-28, the model is able to accurately estimate the 2012 profile 

after calibration. 

Since there was no identifiable erosion scarp or notch in the K5 and K6 profile data, it was not 

possible to estimate a 1974 profile.  Therefore, there was no COSMOS modeling at K5 and K6, 

since the recession has been very small and limited to the removal of the overburden and 

exposure of the underlying bedrock.  In other words, there is no physical evidence to suggest the 

bank is retreating at a measurable rate.   

The results from the COSMOS model calibration for the remaining eight sites are summarized in 

Table 6-3.  In all cases, the model was capable of simulating the estimated historical recession 

rate within 2 to 3%.  Figures of the calibration results for the remaining profiles are provided in 

Appendix E.   
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Figure 6-28 COSMOS Model Calibration for Profile J2 (1974-2012) 

 

Table 6-3 Summary of Estimated and Modeled Bank Recession for the Erosion Sites (refer to Section 6.5.3 

for the methodology to estimate the historical bank recession rate) 

Profile 

Bank Recession (ft) 

Estimated Rate 
Modeled with 

COSMOS 
Difference 

K1 6.0 6.1 2% 

K2 6.0 5.8 3% 

K4 6.0 6.1 2% 

K5 
No evidence of recession 

in the profile data 
n/a n/a 

K6 
No evidence of recession 

in the profile data 
n/a n/a 

J1 13.1 13.4 2% 

J2 10.0 9.9 1% 

J3 9.9 10.1 2% 

J4 6.6 6.7 2% 

J5 7.9 7.8 1% 
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6.5.5 Influence of Boat Waves on Shoreline Recession 

After calibration of the COSMOS model for the 1974 to 2012 period, the model was used to 

isolate the amount of bank recession attributed to boat waves.  For the simulation, a hindcast 

consisting of only wind generated waves was used for the 1974 to 2012 period.  The difference 

between these runs and those described in Section 6.5.4 represents the amount of erosion 

attributable to boat waves.   

Figure 6-29 through Figure 6-34 provide comparisons of the profiles predicted by COSMOS 

with and without boat waves.  The gold line is a representation of the 1974 lakebed profile and 

bank conditions.  The grey line with brown filling is the lakebed and bank profile based on the 

survey data (present conditions).  The green line represents the calibrated profile predicted by 

COSMOS with boat waves.  The red line represents the profile predicted by COSMOS without 

boat waves (using only wind generated waves).  

Figure 6-29 compares the profile response predicted by the COSMOS model with and without 

boat waves at Profile K1.  The COSMOS model predicts that the bank at K1 has receded by 6.1 

feet with wind and boat waves.  If there had been no boats on Lake Keowee, the recession would 

have been only 1.1 feet.  Therefore boat waves accounted for approximately 82% of the bank 

recession at Profile K1 over a 38 year period.  Profile K1 is located at the north end of Lake 

Keowee and is very sheltered, exposed only to small wind fetches.  It is also a popular route for 

boating enthusiasts on Lake Keowee, which means the shoreline is exposed to a high 

concentration of boat waves.   
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Figure 6-29 COSMOS Model Prediction of Boat Wave Impacts for Profile K1 (1974-2012) 

 

 

The average annual wave energy at Profile K1 is 14,000 kJ/m
2
 with boats and 1,400 kJ/m

2
 

without boats.  Therefore boat waves account for an increase of approximately 90% in wave 

energy, which is comparable to the 80% contribution to bank recession.  Profile K1 is quite 

protected from wind-driven waves and the majority of the bank recession observed at Profile K1 

is due to boat waves, albeit the total amount of recession is very small. 

Figure 6-30 provides a comparison of the profile response predicted by COSMOS both with and 

without boat waves at Profile K2.  With boat waves, the bank at K2 receded by 5.8 feet.  Without 

boat waves, the retreat was 3.5 feet.  Therefore boat waves account for approximately 40% of the 

bank recession at Profile K2 over a 38 year period.   
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Figure 6-30 COSMOS Model Prediction of Boat Wave Impacts for Profile K2 (1974-2012) 

 

 

Profile K2 is located inside a small bay in the southern half of Lake Keowee.  The profile is quite 

sheltered from large, open fetches on the main branch of the lake.  The profile is exposed to the 

East Northeast, but that fetch is only one mile long.  In addition, a large boat launch is located on 

the northern side of the embayment, which results in boat traffic past K2 to gain access to and 

exit the lake.  The limited fetch and close proximity of the boat launch are likely why the bank 

recession due to boat waves represents such a high fraction of the overall erosion. 

The average annual wave energy at Profile K2 is 7,700 kJ/m
2
 with boats and 3,800 kJ/m

2
 without 

boats.  Therefore boat waves double the wave energy, and account for 40% of the bank 

recession. 

Figure 6-31 provides a comparison of the profile response predicted by COSMOS both with and 

without boat waves at Profile K4.  COSMOS predicts that the bank at K4 has receded by 6.1 feet 

with boat waves and would have receded 5.1 feet without boat waves.  Therefore boat waves 

account for only approximately 20% of the bank recession at Profile K4 over a 38 year period.   
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Figure 6-31 COSMOS Model Prediction of Boat Wave Impacts for Profile K4 (1974-2012) 

 

 

K4 is located at the southern end of Lake Keowee on the southwest shoreline of a small island.  

The profile is exposed to open water fetches to the southwest and northwest.  It is sheltered from 

waves propagating from the north or east.  The winds arriving from the west are larger and more 

frequent than other directions, which would explain why the recession due to boat waves at 

Profile K2 is lower than other profiles on Lake Keowee.  In other words, the wind waves are 

bigger at the southern end of the lake compared to the K1 and K2 site. 

The average annual wave energy at Profile K4 is 16,500 kJ/m
2
 with boats and 12,400 kJ/m

2
 

without boats.  Therefore boat waves account for an increase of approximately 25% in wave 

energy, which is comparable to the 20% contribution to bank recession.  Most of the bank 

recession at Profile K4 is caused by wind-induced waves, as it is the most exposed of the three 

sites on Lake Keowee. 

Figure 6-32 provides a comparison of the profile response predicted by the COSMOS model 

both with and without boat waves at Profile J1 on Lake Jocassee.  The COSMOS model 

predicted the bank at J1 receded by 13.4 feet with boat waves and would have receded 8.2 feet if 

boat waves were not present.  Therefore boat waves account for approximately 40% of the bank 

recession at Profile J1 over a 38 year period.   
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Figure 6-32 COSMOS Model Prediction of Boat Wave Impacts for Profile J1 (1974-2012) 

 

 

Profile J1 is only exposed to waves from the north and is somewhat sheltered from waves from 

the west.  This sheltering and limited fetch plus a higher concentration of boat traffic are most 

likely why the recession due to boat waves is a higher fraction of the overall recession of the 

bank compared to the other profiles on Lake Jocassee. 

The average annual wave energy at Profile J1 is 18,000 kJ/m
2
 with boats and 9,100 kJ/m

2
 

without boats.  Therefore boat waves account for an increase of approximately 50% in wave 

energy, which is comparable to the 40% contribution to bank recession.   

Figure 6-33 provides a comparison of the profile response predicted by the COSMOS model 

both with and without boat waves at Profile J2.  The COSMOS model predicts that the bank at J2 

receded by 9.9 feet with boat waves and would have only receded by 7.6 feet without boat 

waves.  Therefore boat waves account for approximately 25% of the bank recession at Profile J2 

over a 38 year period.   
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Figure 6-33 COSMOS Model Prediction of Boat Wave Impacts for Profile J2 (1974-2012) 

 

 

Profile J2 is exposed to a longer fetch range than the other profiles on Lake Jocassee.  Profile J2 

is also more exposed to the west, from which winds are more frequent and at higher speeds.  The 

broader fetch range results in waves with a wider directional spread at the site.  This directional 

spread and higher wind speeds is most likely why the recession due to boat waves is a lower 

fraction of the overall recession of the bank, as the wind-induced waves at Profile J2 represent a 

larger portion of the wave energy. 

The predicted average annual wave energy at Profile J2 is 29,900 kJ/m
2
 with boats and 21,400 

kJ/m
2
 without boats.  Therefore boat waves account for an increase of approximately 30% in 

wave energy, which is comparable to the 25% predicted contribution to bank recession.   

Figure 6-34 provides a comparison of the profile response predicted by the COSMOS model 

both with and without boat waves at Profile J3.  The COSMOS model predicts that the bank at J3 

receded by 10.1 feet with boat waves, and would have only receded 5.7 feet without boat waves.  

Therefore the boat waves account for approximately 45% of the bank recession at Profile J3 over 

a 38 year period.   
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Figure 6-34 COSMOS Model Prediction of Boat Wave Impacts for Profile J3 (1974-2012) 

 

 

Profile J3 is quite sheltered from most wind waves and is only exposed to an easterly fetch.  This 

limited fetch and sheltered location are most likely why the bank recession due to boat waves is a 

higher fraction of the overall bank recession, compared to the other two profiles on Lake 

Jocassee. 

The average annual wave energy at Profile J3 is 14,500 kJ/m
2
 with boats and 8,300 kJ/m

2
 

without boats.  Therefore boat waves account for an increase of approximately 45% in wave 

energy, which is identical to the 45% contribution to bank recession.   

The model estimates at Profile J4 are summarized in Figure 6-35.  With recreational boat waves, 

the total recession estimated with the COSMOS model was 6.7 feet.  When the boat waves were 

removed, the total recession dropped to 4.5 feet.  Therefore, the boat waves are responsible for 

approximately 35% of the recession at J4.   

The COSMOS model results at J5 with and without boats are presented in Figure 6-36.  The 

model estimated 7.8 feet of recession between 1974 and 2012 with both wind and boat waves.  

When the boat waves were removed and the model was re-run, the predicted bank recession 

decreased to 5.4 feet.  These results suggest the recreational boats are responsible for 

approximately 30% of the recession at J5.   
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Figure 6-35  COSMOS Model Prediction of Boat Wave Impacts for Profile J4 (1974-2012) 

 

Figure 6-36  COSMOS Model Prediction of Boat Wave Impacts for Profile J5 (1974-2012) 
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The predicted average annual wave energy and bank recession with and without boats for the 

profiles modeled is summarized in Table 6-4.  For most of the simulations, the percentage of 

wave energy attributed to recreational boats versus the total energy is similar to the amount of 

recession estimated with the model for boat waves versus all the waves.   

Table 6-4 Summary of Average Annual Wave Energy and Bank Recession Predicted by COSMOS With and 

Without Boats for Profiles on Lake Keowee and Lake Jocassee (No Erosion Modeling at K5 and K6) 

Profile 

Average Annual Wave Energy (kJ/m2) Modeled Recession at Bank Toe (ft) 

 
With 
Boats 

Without 
Boats 

% 
Attributed 
to Boats 

With 
Boats 

Without 
Boats 

% Attributed 
to Boats 

K1 
Scarp in 

Overburden 
or Soil 

14,000 1,400 
90% 

6.1 1.1 80% 

K2 
Scarp in 

Overburden 
or Soil 

7,700 3,800 
50% 

5.8 3.5 40% 

K4 
Scarp in 

Overburden 
or Soil 

16,500 12,400 
25% 

6.1 5.1 20% 

K5 
Scarp in 
Erodible 
Bedrock 

8,800 5,000 
45% 

No 
erosion 

modeling 

No 
erosion 
modeling 

No erosion 
modeling 

K6 
Scarp in 
Erodible 
Bedrock 

8,000 3,900 
50% 

No 
erosion 
modeling 

No 
erosion 
modeling 

No erosion 
modeling 

J1 
Scarp in 
Erodible 
Bedrock 

18,000 9,100 
50% 

13.4 8.2 40% 

J2 
Scarp in 
Erodible 
Bedrock 

29,900 21,400 
30% 

9.9 7.6 25% 

J3 
Scarp in 
Erodible 
Bedrock 

14,500 8,300 
45% 

10.1 5.7 45% 

J4 
Scarp in 

Overburden 
or Soil 

14,200 8,200 
40% 

6.7 4.5 35% 

J5 
Scarp in 

Overburden 
or Soil 

22,100 13,500 
40% 

7.8 5.4 30% 

The sites summarized in Table 6-4 represent a broad cross-section of sites on Lake Keowee and 

Lake Jocassee with respect to their geology as noted in the modified Orbis shoreline 

classification (scarp in soil/overburden or scarp in erodible bedrock), exposure to wind generated 

waves and recreational boat waves.  Ultimately, the amount of recession attributed to 

recreational boats is a function of the boating density in the area and the exposure of the 
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shoreline to wind waves.  Our studies indicate the impact of boat waves on shoreline erosion 

ranges from 20 to 80% for Lake Keowee and Lake Jocassee.   

6.5.6 Sensitivity of Erosion to Boat Wave Scale Factor 

As discussed in Section 5.0, the hindcast wind waves were multiplied by a scale factor that could 

increase or decrease the amount of wave energy contributed by boat waves.  The sensitivity of 

our assumptions in the determination of this boat wave scale factor was tested on the predicted 

bank recession for Profile K2.  The scale factor used in the calibration run (0.33 ft) resulted in 

40% of the recession being attributed to boat waves.   

Both a high value (0.39 ft), representing a 20% increase in boat wave heights and a low value 

(0.26 ft), representing a 20% decrease in boat wave heights were used to re-generate the 

historical boat waves.  The high scale factor resulted in 50% of the historical recession being 

attributed to boat waves in the COSMOS model and the low scale factor resulted in 30% of the 

recession being attributed to boat waves.  The results are summarized in Table 6-5. 

Table 6-5 Summary of Wave Energy and Bank Recession with Various Boat Wave Scale Factors for Profile 

K2 on Lake Keowee (1974-2012) 

Boat Wave 
Scale Factor 

(ft) 

Average Annual Wave Energy (kJ/m2) Recession at Bank Toe (ft) 

With 
Boats 

Without 
Boats 

% Attributed 
to Boats 

With 
Boats 

Without 
Boats 

% Attributed 
to Boats 

Low 0.26 6,200 3,800 40% 5.1 3.5 30% 

Base 0.33 7,700 3,800 50% 5.8 3.5 40% 

High 0.39 9,500 3,800 60% 7.0 3.5 50% 

This sensitivity analysis demonstrates that significant changes in our assumptions for the 

determination of the boat wave scale factor will not materially change the findings of our 

analysis.  In other words, adjusting the boat wave scale factor significantly up and down only 

changed the amount of bank recession attributed to boat waves by only ±10%.  

6.5.7 Influence of Lake Level on Shoreline Recession Rate 

The COSMOS model was also used to assess the impact of lake levels on shoreline recession, 

and to predict the impact that changes to lake level would have on shoreline recession.  Profile 

K4 on Lake Keowee was selected for this analysis.   

Two scenarios were modeled to evaluate the effects that changes to water levels could be 

expected to have on shoreline recession: 

1) The peak lake level on Lake Keowee was reduced from 800 feet to 798 feet.  All values 

that exceeded 798 feet were reduced to 798 feet.  This resulted in a reduction to 42% of 

measured lake levels between 1974 and 2012 (to a new level of 798 feet). 
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2) The minimum lake level on Lake Keowee was increased from 783.6 feet to 797 feet.  All 

values that were less than 797 feet were increased to 797 feet.  This resulted in an 

increase to 44% of measured lake levels between 1974 and 2012. 

Figure 6-29 and Figure 6-34 provide comparisons of the profiles predicted by the COSMOS 

model for actual water levels and for the adjusted water level scenarios listed above.  In both 

cases the hindcast wind waves with boat waves were input to the model.  Figure 6-37 shows the 

effect of decreasing the maximum water level from 800 feet to 798 feet.  The gold line is a 

representation of the 1974 lakebed profile and bank conditions.  The grey line with brown 

shading is the lakebed and bank profile based on the survey data (present conditions).  The green 

line represents the profile change predicted by the COSMOS model when the maximum lake 

level is reduced to 798 feet.  The actual lake levels are shown in blue and the lake levels used to 

evaluate the impacts of a reduced water level are shown in purple.   

The COSMOS model predicted 4.2 feet of horizontal bank recession from 1974 to 2012 when 

the maximum lake level was reduced to 798 feet.  This compares with 6.1 feet of horizontal 

recession over the same period, for the actual lake levels, and equates to a reduction in the 

recession rate of 0.05 ft/year.  It is also important to note that while the amount of horizontal 

bank retreat has decreased, the amount of lakebed downcutting between the 795 and 797 foot 

contour (between 475 and 500 feet on the x-axis) has increased dramatically.  In other words the 

total amount of erosion has not decreased; water levels have just re-distributed the erosion to 

another part of the profile.  

Overall, this is considered to be a very small reduction in the horizontal bank recession, which is 

already considered to be low.  In addition, the bank recession rate would be expected to return to 

the original rate over time, as the profile adjusts to the new water level range. 
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Figure 6-37 COSMOS Model Predicted Impacts of Reducing Maximum Reservoir Level to 798 ft at Profile 

K4 (1974-2012) 

 

 

Figure 6-38 shows the effect of increasing the minimum water level from 783.6 feet to 797 feet.  

This represents a significant reduction in the water level range, also shown in Figure 6-37 (the 

actual lake levels are shown in blue and the lake levels used to evaluate the impacts of a reduced 

water level range are shown in purple).  The gold line is a representation of the 1974 lakebed 

profile and bank conditions.  The grey line with brown shading is the lakebed and bank profile 

based on the survey data (present conditions).  The green line represents the profile change 

predicted by the COSMOS model when the minimum lake level is reduced to 797 feet.   

The COSMOS model predicted 6.7 feet of horizontal bank recession from 1974 to 2012 if the 

minimum lake level were reduced to 797 feet.  This compares with 6.1 feet of bank recession 

over the same period, for the actual lake levels, and equates to an increase in the erosion rate of 

0.02 ft/year.  The amount of lakebed downcutting also increases dramatically between 475 and 

500 feet on the x-axis (green line), as all the wave energy below 797 feet is now focused on a 

very narrow zone on the profile.   

In summary, this is a very small increase in the recession rate, which is considered to be low 

already.  The increased rate occurs because more wave energy is focused over a smaller area on 

the profile (e.g. not as spread out as it was when water levels were more variable).  The 
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acceleration of the bank retreat rate would continue in the future if the minimum lake level range 

remained at 797 feet.  

 

Figure 6-38 COSMOS model predicted impacts of increasing the minimum reservoir level to 797 ft at Profile 

K4 (1974-2012) 

 

 

In summary, the COSMOS modeling to assess erosion sensitivity to lake levels predicted:  

1) Decreasing the full supply level on Lake Keowee by two feet from 800 feet to 798 feet 

would decrease the horizontal bank recession rate at Profile K4 by 1.9 feet over 38 years.  

Conversely, a significant increase in the lakebed downcutting rate also occurred between 

the 795 and 797 foot contour.  While this decrease in water levels meant a reduction in 

the bank recession rate between 1974 and 2012, eventually the acceleration in the lakebed 

downcutting rate would increase the exposure of the bank to incident wave energy and 

the historical recession rate would resume.  In other words, the reduction in the recession 

rate would only be temporary.  Finally, the significant reduction in the full supply level 

only resulted in a very small decrease in the horizontal recession rate, a rate that is 

already very low. 
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2) Decreasing the range of water level fluctuations by increasing the minimum water level 

on Lake Keowee from 783.6 feet to 797 feet resulted in an increase in the horizontal bank 

recession rate at Profile K4 from 6.1 feet to 6.7 feet over 38 years.  Increasing 44% of the 

lake levels to a minimum of 797 feet between 1974 and 2012 focused the lakebed 

downcutting in a very narrow zone between 475 and 500 m on the x-axis, accelerating the 

downcutting rate in this area.  Overall, the increase in the bank recession rate was small 

but would continue into the future due to the focusing of the lakebed downcutting in a 

very narrow zone across the profile.  Even with the small increase in the bank recession, 

the overall rate overall rate is very low. 
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7.0 PROJECT EFFECTS ON SHORELINE AND ISLANDS  

This section describes the Project effects on erosion of Lake Keowee and Lake Jocassee 

shorelines, based on the analysis described in the previous sections.     

It is important to consider the formation of Lake Keowee and Lake Jocassee in order to 

understand the current shoreline erosion processes.  Prior to the dam construction in 1971, Lake 

Keowee was a mountain valley in the Piedmont Province.  In other words, there was no erosion 

attributable to wind waves and boat wakes because there was no reservoir.  Similarly on Lake 

Jocassee, prior to the dam construction in 1973, the reservoir area was part of a large steep 

mountain valley in the Blue Ridge Province, along the edge of the Appalachian Mountains.  

There was no reservoir or shoreline, so no erosion was attributable to waves. 

The bedrock in this area is typically gneiss, capped with a thin horizon of soil.  There are 

variations in the bedrock characteristics between the Piedmont and Blue Ridge provinces.  The 

Blue Ridge gneiss can be harder, coarse to very coarse-grained gneiss.  The gneiss in the 

Piedmont Province includes complex beds of interlayed hornblend gneiss, amphibolite, and 

granitic gneiss.  This bedrock is very old, heavily modified by chemical and physical weathering, 

and some formations can erode under wave action.   

During dam construction, trees were cut and cleared from the future reservoir beds, in 

preparation for the reservoir filling.  Following construction of the dams, the reservoirs were 

filled and any remaining forest vegetation below the full pond contours died. Above the full pond 

elevation, a mature forest canopy remains with the exception of areas cleared for development.  

The energy associated with the wind waves and boat waves on the newly created reservoir 

exceeded the erosion resistance properties of the shallow soils, and the soils eroded exposing the 

underlying bedrock.  Where the bedrock is harder it is able to resist the erosive forces of the 

waves and there has been no measurable erosion.     

Water level fluctuations, whether due to natural climatic factors or Project operations, serve to 

distribute (spread) the erosion across the nearshore profile, from the recorded minimum reservoir 

elevation to the full pond elevation.  In other words, water level fluctuations don’t determine if 

erosion will occur, rather, they influence “where” the erosion will occur on the profile if and 

when the wave energy exceeds the erosion resistance of the local soils and bedrock.   

In some locations, the bedrock at the shoreline is very soft and locally referred to as a saprolite.  

The wind and boat waves are able to erode this weak bedrock, especially if it is heavily fractured 

or interbedded with weak seams.  A review of historical aerial photographs and numerical 

modeling were used to quantify the erosion that has occurred along the shorelines since the 

reservoirs were filled.  

The shoreline was divided into reaches and mapped, using a modified classification system, 

developed by Orbis.  Since the shorelines of Lake Keowee and Lake Jocassee combined 

represent more than 480 miles of shoreline, it was simply not possible to measure and model 

erosion processes everywhere.  Therefore, representative sites from the full range of shoreline 

classifications were selected for analysis, following the accepted procedure that has been applied 

for other FERC Erosion studies.  No erosion modeling was completed for the protected 
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shorelines or those shorelines classified as stable soil or stable bedrock, since there is no active 

erosion at these sites.  A total of ten sites where selected across the two lakes to evaluate and 

simulate erosion processes.  They included shorelines adjacent to areas of heavy boat traffic, as 

well as shorelines exposed to longer fetches and therefore higher wind waves.  

Aerial photographs from 1994 and 2011 were used in the analysis.  The position of the erosion 

scarp in 1994 was compared with its position in 2011.  At the sites analyzed, the comparison 

showed the position of the erosion scarp was either stable or the change was less than the 

positional accuracy of the orthophotographs (six feet).  In other words, it is not possible to 

identify a defensible long-term erosion rate from aerial photographs because the erosion rate was 

very small between 1994 and 2011 (i.e., less than six feet).  This is not to say erosion is not 

occurring, but instead that the resolution of the photos coupled with heavy tree cover is not 

sufficient to capture the low rates of erosion along the study shorelines.  The 

topographic/bathymetric surveys helped to better define the location and extent of erosion at the 

selected study sites. 

The COSMOS model was also used to estimate erosion at the selected sites between 1974 and 

2012.  Erosion on Lake Keowee varied from 5.8 feet to 6.1 feet for the 38-year period since the 

reservoir was created.  The average erosion rate on Lake Keowee was two inches per year (or 

0.16 ft/year).  On Lake Jocassee erosion varied from 6.7 feet to 13.4 feet for the 38-year period 

since the reservoir were created.  The average erosion rate on Lake Jocassee was three inches per 

year (or 0.25 ft/year). These are considered to be low rates of erosion (MNR 2001).  In 

comparison, these rates are less than the average rates previously measured on the Claytor 

reservoir in Virginia (0.5 ft/yr) from 1939 to 2006 (Kleinschmidt and Baird 2008) and the Smith 

Mountain reservoir, also in Virginia (0.7 ft/yr) from 1966 to 2006 (Kleinschmidt and Baird 

2007).  They are particularly low when compared with reservoirs constructed in consolidated or 

semi-consolidated glacial sediments, where erosion rates exceeding a foot per year are not 

uncommon. On the other hand, shoreline retreat rates along bedrock shorelines that are not 

erosion-resistant are generally in the 0.3 to 1 ft/year range on larger lakes with much larger 

waves (Baird 2006). 

Wave recorders were deployed in both reservoirs to identify the amount of wave energy 

attributable to recreational boats versus wind generated waves.  The influence of boat waves 

varies spatially on both reservoirs and is a function of the local wind fetches, general shoreline 

orientation, and the amount and proximity of boat traffic at each site among other factors.  

Erosion at K1 was attributed primarily to boat waves (80%), while at K4 the influence of boats 

on erosion decreased to 20%.  At the other sites, the influence of boat waves on erosion was 

between these values. 

The COSMOS model was also used to assess the impact of water levels and water level 

variations on shoreline recession.  Two scenarios were modeled.  When the peak water level on 

Lake Keowee was reduced from 800 feet to 798 feet (a reduction to 42% of the historical water 

levels), bank recession at K4 decreased by 1.9 feet over 38 years.  Conversely lakebed 

downcutting increased just lakeward of the bank toe and eventually the historical recession rate 

would resume.  When the minimum water level on Lake Keowee was increased from 783.6 feet 

to 797 feet (an increase to 44% of historical water levels), erosion rates increased by 0.6 feet 

over 38 years at K4, again representing a very small change.  Lakebed downcutting was focused 

in a new narrow range just lakeward of the bank toe for this scenario and thus the accelerated 
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rate of bank recession would continue in the future if a minimum operating range of 797 feet was 

maintained.  This analysis demonstrated that varying operational conditions within the ranges 

modeled will not have a significant impact on bank recession rates, which are already very low.  

Again, this is not to say variations in operational range create erosion, but instead that location of 

erosion on the profile varies with different operational ranges. 

Much of the shoreline on Lake Keowee and Lake Jocassee is now stable. The majority of the 

shoreline erosion likely occurred in the first decade following the removal of trees, dam 

construction and filling, when old valley slopes were originally exposed to wave action and the 

thin and erodible soil horizon overlying bedrock was eroded and permanently removed. At most 

locations the underlying erosion resistant bedrock is now exposed and erosion has ceased to be a 

factor.  Where weaker bedrocks or saprolite exist, some minor erosion has occurred and 

continues at a very low rate. Erosion rates are expected to decrease in the future as shown in 

Figure 7-1. 

Project effects are therefore limited at most locations to the initial erosion that occurred after the 

reservoirs were created.  Ongoing erosion is due to a combination of wind waves and boat waves 

at locations where softer bedrock has been exposed and is not erosion resistant.  As shoreline 

erosion at the Project is attributable primarily to wind waves and boat wakes (with secondary 

causes including runoff, wetting/drying and freeze/thaw), rather than water level fluctuations 

associated with Project operations, no protection, mitigation and enhancement (PM&E) measures 

associated with Project operations have been recommended.   

 

Figure 7-1 Schematic Showing Change in Erosion Rate Over Time for Different Lakebed Types on Lake 

Keowee and Lake Jocassee 
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8.0 CONCLUSIONS 

The Lake Keowee and Lake Jocassee Shoreline Erosion Study was conducted to meet the goals 

and objectives of the FERC-approved study plan and its subsequent addendum. A combined 

approach including literature review, field reconnaissance, data collection, GIS analysis, 

numerical wave and erosion modeling and experience were used to satisfy the study objectives. 

Objective 1 was to characterize the overall erosion along the shorelines of each reservoir.  This 

objective was satisfied through a combination of a site reconnaissance, field data collection 

program, review of aerial photos and a review of video footage collected by Orbis Inc.  Orbis 

Inc. had previously characterized the shoreline based on scarp height and composition, and 

whether it was eroding, stable or protected.  For the purpose of this erosion investigation, the 

original categories developed by Orbis were consolidated into four categories: scarp in soil or 

overburden; scarp in erodible bedrock or protected shoreline; stable shoreline in soil or 

overburden; and stable bedrock or protected.  The modified shoreline classification was used to 

select representative sites for a detailed assessment of erosion characteristics.      

Objective 2 was to identify Project-induced erosion sites.  This was satisfied through a site 

reconnaissance, review of aerial photos, review of video footage collected by Orbis Inc. and 

numerical modeling with the MIKE21 spectral wave model and the COSMOS shoreline erosion 

model.  Ten representative sites, five on Lake Keowee (including three islands) and five on Lake 

Jocassee, were selected for detailed analysis to determine the relative contribution of lake level 

fluctuations associated with Project operations, wind-generated waves, and boat wakes to 

observed erosion.  The selected sites represented the full spectrum of shoreline types identified 

on the two reservoirs and included shorelines adjacent to areas of heavy boat traffic, as well as 

shorelines exposed to longer fetches and therefore higher wind waves.  

Wave data collected at the two reservoirs were used to define the component of wave energy 

attributable to boat waves and the component attributable to wind waves.   A wave hindcast was 

used to define the wave climate (with and without boat waves) for the period since the reservoirs 

were flooded.  The wave hindcast was used as input to the COSMOS erosion model, which was 

applied to quantify erosion due to wind waves and boat waves.  At Lake Keowee, the percentage 

of erosion attributable to boat waves varied from 20% at K4 (southern Lake Keowee) to 80% at 

K1 (northern Lake Keowee).  At Lake Jocassee, erosion attributable to boat waves varied from 

25% at J2 to 45% at J3.  The remainder of the erosion in each case was attributable to wind 

waves.   

Water level fluctuations serve to distribute (spread) the erosion across the nearshore profile from 

the recorded lowest reservoir elevation to the full pond elevation.  These fluctuations do not 

cause erosion, but rather influence where the erosion occurs on the profile if the composition of 

the profile is not resistant to erosion.  This was demonstrated by the COSMOS model.  When the 

reservoir level range was decreased, erosion rates increased, as the wave energy was focused on 

a smaller area on the shoreline profile. Therefore, wind waves and boat wakes are the primary 

causes of shoreline erosion.  Other factors such as freeze/thaw, wet/dry and runoff are secondary 

factors.  Reservoir level fluctuations do not cause erosion. 
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Objective 3 was to quantify the level of erosion occurring at those sites.  This was satisfied 

through a combination of historical aerial photo analysis, bathymetric/topographic surveys and 

numerical modeling with the MIKE21 spectral wave model and the COSMOS shoreline erosion 

model.  Aerial photographs from 1994 and 2011 were used to compare the position of the 

erosion scarp in 1994 with its position in 2011.  At the ten erosion sites, the comparison showed 

that the position of the erosion scarp was either stable or the change was less than the positional 

accuracy of the orthophotographs (six feet).  It was concluded that the amount of shoreline 

change was not great enough to be discerned from the aerial photo analysis, using the best 

available techniques.  Analysis of bathymetric and topographic profiles provided additional 

evidence of the location and extent of erosion since the creation of the reservoirs.  The COSMOS 

model was also used to estimate erosion at the selected sites between 1974 and 2012.  Erosion on 

Lake Keowee varied from 5.8 feet to 6.1 feet for the 38-year period since the reservoir was 

created.  The average erosion rate on Lake Keowee was two inches per year (or 0.16 ft/year).  On 

Lake Jocassee erosion varied from 6.7 feet to 13.4 feet for the 38-year period since the reservoir 

were created.  The average erosion rate on Lake Jocassee was three inches per year (or 0.25 

ft/year).  These are considered to be low rates of erosion (MNR 2001). 

Objective 4 was to collect adequate data on erosion and the Project effects to evaluate potential 

needs or opportunities for erosion-related protection, mitigation and enhancement (PM&E) 

measures and monitoring at those sites.  As shoreline erosion at the Project is attributable 

primarily to wind waves and boat wakes (secondary factors include freeze/thaw, wet/dry and 

runoff) and not water level fluctuations associated with Project operations, no PM&E measures 

associated with Project operations were recommended.  
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APPENDIX A 

Wave Data Collection 

Equipment Information 

Measurements of currents and waves in Lake Keowee and Lake Jocassee aid the understanding 

of boat and wind wave conditions and shoreline erosion. Hydrodynamic data were collected at 

several points in the two lakes as part of the field study. Four Acoustic Wave and Current 

(AWAC) Profilers were deployed at select locations within the reservoirs to measure current and 

wave characteristics. These instruments were used to measure complex wave patterns directly 

above the instruments. The following paragraphs describe the purpose of installing the 

instruments and how they function. 

The AWACs, developed by Nortek Instruments, use Acoustic Doppler technology to measure 

the velocity and direction of currents, and pressure-based measurements to evaluate wave and 

water-level fluctuations. The AWAC instrument head, pictured in Figure A-2, uses Acoustic 

Surface Tracking (AST) in combination with Acoustic Doppler readings and pressure readings to 

measure wave characteristics such as height, period, and direction. AST readings do not rely 

solely on pressure; rather, they rely on the echo sounder principle for the central beam and 

current measurements in the water column for the three angled beams. 

The AWACs are bottom-deployed units that remain stationary for the duration of the 

deployment.  The AWAC instruments must also be deployed on a flat surface, as the instrument 

relies on the pulses going straight to the water surface and reflecting back to the same transducer. 

Aluminum bases were developed for this project in order to attach the AWAC measurement 

device and battery pack (Figure A-3); these bases were designed to keep the units stable on the 

bottom of these reservoirs taking into consideration bottom substrate conditions. Divers were 

used to ensure the deployed instruments were resting level on the lakebed and to place cinder 

block weights on the base after the instrument had been lowered to assure the units stayed in 

place for the duration of the deployment. GPS readings of the coordinates of the instrument were 

taken as reference for retrieval. Deployment photos are shown in Figure A-4and Figure A-5. 

Figure A-2 AWAC Instrument 
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Figure A-3 AWAC Instrument and Mount With Battery Pack 

 

Figure A-4 Preparing the AWAC System for Deployment 
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Figure A-5 Deploying the AWAC System 
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Deployment Information 

Instruments collecting wave data were deployed for approximately three weeks at a time. The 

first deployment collected data from April 19th through May 14th, 2012; the second deployment 

collected data from June 19th through July 11th. The instruments deployed in April were to 

measure wave activity before boating activity increased for the summer season; this allowed for 

observation of wind-generated waves with minimal interference from boat wakes. The June 

deployment was timed to catch the peak boating season to include Independence Day week. The 

instruments were deployed in locations near the shoreline, each of which was installed to 

measure specific wave conditions. Four AWACs were installed in both lakes for each 

deployment; their locations are shown in Figure A-6. Descriptions of the Lake Keowee islands 

numbering for the islands near the deployment locations are shown in Figure A-7 and Figure A-8. 

 1-MHz AWAC profiler deployed near Fall Creek Landing (K1) 

 1-MHz AWAC profiler deployed near the Keowee Marina at the south end of the lake 

(K4) 

 1-MHz AWAC profiler deployed near Devil’s Fork State Park landing (J1) 

 1-MHz AWAC profiler deployed near an exposed outcrop in the open part of Lake 

Jocassee (J2) 

The locations of the instruments were unknown to the public to ensure that the data were not 

impacted by human interference. During the peak season deployment buoys were also installed 

near each of the instruments. Warning buoys were added to aid in location during retrieval, as the 

retrieval from the off-season deployment proved to be difficult. The buoys were positioned 

approximately 40 feet away from each instrument to ensure that the instruments’ locations 

remained unknown to the public. However, prior to the peak season deployment, both buoys on 

Lake Keowee were lost. Instruments were retrieved in July using GPS data. 
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Figure A-6 AWAC Deployment Locations 
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Figure A-7 Islands numbering on Lake Keowee along northern portion of the lake (Source: “Lake Keowee: 

Map #234 Adopt an Island Program.” Duke Energy and FOLKS. Created by Kingfisher Maps, Inc.) 
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Figure A-8 Islands numbering on Lake Keowee along southern portion of the lake (Source: “Lake Keowee: 

Map #234 Adopt an Island Program.” Duke Energy and FOLKS. Created by Kingfisher Maps, Inc.) 
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Preliminary Wave Data 

The raw data from the instruments were processed using Nortek’s software package, Storm. The 

preliminary results from the AWAC instruments can be seen in Figure A-9 through Figure A-16. 

The yellow shading denotes weekends, and blue shading denotes July 4th during the peak-season 

deployment. Detailed analysis was completed on the wave data to remove erroneous data points 

for analysis and calibration. Please see the report body for further detail regarding detailed wave 

analysis. 

Figure A-9 Processed Off-Season Wave Results From the AWAC Located Near Fall Creek Landing in Lake 

Keowee (K1) 
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Figure A-81 Processed Off-Season Wave Results From the AWAC Located Near the Marina at the South 

End of Lake Keowee (K4) 

 

Figure A-82 Processed Peak-Season Wave Results from AWAC Located Near Fall Creek Landing in Lake 

Keowee (K1) 

 



 

APPENDIX A 

Figure A-83 Processed Peak-Season Wave Results from AWAC Located Near Keowee Marina at the South 

End of Lake Keowee (K4) 

 

Figure A-84 Processed Off-Season Wave Results From the AWAC Located Near Devil’s Fork State Park (J1) 
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Figure A-85 Processed Off-Season Wave Results From the AWAC Located Near the Access to the North Arm 

of Lake Jocassee (J2) 

 

Figure A-86 Processed Peak-Season Wave Results From the AWAC Located Near Devil’s Fork State Park 

(J1) 

 



 

APPENDIX A 

Figure A-16 Processed Peak-Season Wave Results From the AWAC Located Near the Access to the North 

Arm of Lake Jocassee (J2) 
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MIKE 21 MODEL RESULTS 
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Example of Wave Modelling Results 

Wind wave simulations were completed using the MIKE21 Spectral Wave model (M21SW).  

This model uses a flexible triangular mesh approach to define the reservoirs’ bathymetric 

features.  The model simulates wave growth and propagation, refraction, diffraction, shoaling 

and various other wave processes.  With the small waves and short periods for wind waves on 

the lake, the vast majority of the lake is a “deepwater” condition, meaning that the waves do not 

interact with the bottom.  Therefore, parameters such as bottom friction were not of concern in 

these simulations.  Similarly, wave refraction typically only occurred in close proximity to the 

shoreline. 

Simulations were completed using a quasi steady state method, where each hourly wind speed 

condition is treated as a separate simulation and is not influenced by the previous hour’s wave 

conditions.  This method is valid due to the short fetches on these lakes, which limit both the 

wave height and the time required to achieve the fetch limited wave height. 

In addition to simulating the periods during which waves were measured, a series of simulations 

were also completed for a range of wind speeds and directions, in order to fill out a lookup table 

for wave conditions on the lake.  Some selected results are provided below.  These plots show 

the significant wave height as colored contours and the wave directions with vectors.  Note that 

these vectors are plotted on a regular interval and are not indicative of the resolution of the wave 

model. 



 

APPENDIX B 

Figure 9-1 Wave Height in Lake Jocassee with Wind Speed of 22.4mph (10m/s) From NE 
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Figure 1-2 Wave Height in Lake Jocassee with Wind Speed of 22.4mph (10m/s) From SE 
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Figure 1-3 Wave Height in Lake Jocassee with Wind Speed of 22.4mph (10m/s) From NE 
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Figure 1-4 Wave Height in North Part of Lake Keowee with Wind Speed of 22.4mph (10m/s) From S 
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Figure 1-5 Wave Height in North Part of Lake Keowee with Wind Speed of 22.4mph (10m/s) From N 
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Figure 1-6 Wave Height in North Part of Lake Keowee with Wind Speed of 22.4mph (10m/s) From SW 
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Figure 1-7 Wave Height in South Part of Lake Keowee with Wind Speed of 22.4mph (10m/s) From SE 
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Figure 1-8 Wave Height in South Part of Lake Keowee with Wind Speed of 22.4mph (10m/s) From SW 
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Figure 1-9 Wave Height in South Part of Lake Keowee with Wind Speed of 22.4mph (10m/s) From NE 
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MODIFIED ORBIS SHORELINE CLASSIFICATION 
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HISTORICAL AIR PHOTO COMPARISON 
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COSMOS MODELING 
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CONSULTATION RECORD 
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