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Introduction 
 
The purpose of this study is to provide estimates for wave run-up and levee over-wash 
rates for multiple water stages and a range of levee heights and configurations at the Site 
1 Impoundment (Site 1).  Wave run-up and over-wash rates, when combined with 
structural design and site specific geotechnical information, provide a key component in 
the determination of the optimum levee height for a given project location.   Results from 
this analysis are presented as part of the larger Site 1 Impoundment investigation and do 
not constitute, in and of themselves, a recommendation for a final levee height design. 
 
Project Site 
 
The Site 1 Impoundment project site lies approximately 36 miles southeast of Lake 
Okeechobee (figure 1).  The purpose of the Site 1 Impoundment Project, as part of the 
greater Water Preserve Areas (WPA) concept, is to provide groundwater recharge, 
reduced seepage from adjacent natural areas, water supply for environmental and urban 
demands, and to prevent saltwater intrusion.  
 
 

 
Figure 1.  Project Site Location 
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As part of the Site 1 investigation, two impoundment configurations were evaluated, a 
two cell configuration and a single cell configuration.  The two cell impoundment 
consists of two adjacent cells separated by an internal levee structure (figure 2). In this 
configuration, the West cell covers approximately 860 surface acres while the East cell 
covers approximately 800 surface acres.  The single cell impoundment consists of the 
same footprint and the two cell, merging both the West and East cells by removing the 
central internal levee.  The single cell impoundment covers a total area of approximately 
1,660 surface acres.  In both cases, the project area is bounded on the north and west by 
the Loxahatchee National Wildlife Refuge (LNWR), on the east by residential 
development, and on the south by sand quarries and future development sites.   
 
 

 
Figure 2.  Site 1 Impoundment - 2 Cell Configuration 
 
Study Overview 
 
In order to determine wave run-up values and corresponding rates of over-wash, the wave 
climate within each reservoir (cell) must first be determined.  For an enclosed reservoir, 
the primary mechanism for wave generation is wind.  Determination of the design wind 
condition for the project site was the first step in the analysis.  Using the design wind 
condition, wind setup (water level rise due to wind stresses on the water surface) values 
were determined.   Applying design wind and wind setup parameters, wave heights due to 
wind-growth within each project cell were then estimated using the numerical wave 
transformation model STWAVE (Steady-state spectral WAVE).  Based on model results, 
wave run-up and over-wash were then calculated using the US Army Corps of Engineer’s 
(USACE) Automated Coastal Engineering System (ACES).  Under predicted conditions, 
wave setup (water level rise due to wave action) is considered negligible and was not 
addressed. 
 
Due to the potential for generation of high wind wave conditions within the project area, 
it has been proposed that wave heights, and potential over-wash, be controlled through a 
combination of water level and levee design.  To meet this end, two normal pool levels 



 3

were investigated (1) an 8ft pool, providing approximately 13,280 acres of storage and 
(2) a 5ft pool, providing approximately 8,300 acres of storage.  It should be noted that 
preliminary investigation determined that a two cell configuration was not economical for 
the lower pool elevation.  Therefore, only the combined cell alternative was evaluated 
with the 5ft normal pool depth.  Design water stages for all cases were determined using 
the Probably Maximum Precipitation (PMP).  Levee designs evaluated for each pool 
level consisted of 4 configurations detailed as follows: 
 

1) Smooth impermeable earth levee with a 1V:3H slope. 
2) Rough (riprap covered) earth levee with a 1V:3H slope. 
3) RCC levee consisting of stair steps placed at a 1V:3H slope. 
4) RCC vertical wall. 

 
Design Wind Condition 
 
The design wind condition is a key parameter in the determination of levee superiority.  
The design wind condition consists of three elements, the wind speed, wind direction, and 
wind duration.  All three elements directly contribute to both the growth and magnitude 
of wind-waves within the reservoir as well as the amount of wind setup that the reservoir 
will experience.  For Site 1, two design wind conditions were evaluated, a 100-year wind 
representing the maximum storm condition for the highly volatile Florida hurricane 
season (June 1 through November 30) and a Category 1 hurricane wind representing a 
maximum storm wind for the remainder of the year. 
 
The incident wind direction and duration are important components in determining wave 
development in a reservoir.   At the Site 1 project site, incident storm winds have the 
potential of approaching the reservoir from any given direction.  In order to determine the 
maximum potential wind effect on wave growth, a full 360 degree array of incident wind 
directions were considered (a detailed discussion is provided in the Wave Height 
Analysis section of this report).  The corresponding wind duration, for purposes of this 
evaluation, is the duration required for a fully developed wave field to be generated over 
the maximum fetch distance (distance over which wind of a single incident direction will 
blow).   
 
Determination of the 100 year wind speed 
 
As part of the greater Comprehensive Everglades Restoration Project (CERP), a 
methodology for determining appropriate design wind speeds was developed.  Based on 
design data for Lake Okeechobee Herbert Hoover Dike and Water Conservation Areas 
located to the south (USACE, 1951), an unadjusted design wind speed of 125mph was 
determined to be applicable to all CERP reservoirs of lesser surface area than Lake 
Okeechobee.  This design wind represents a hurricane force wind to be applied to the 
Probable Maximum Flood (PMF) condition.  The above methodology, however, does not 
take into account the distance of the reservoir from the coast or the relationship between 
the size of the reservoir and the duration of the event.  In order to account for the 
degradation in the wind speed expected as it travels over land, USACE in agreement with 
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South Florida Water Management District (SFWMD), determined that a 100 year wind 
speed combined with the PMF condition would better represent actual storm conditions. 
 
The first step in determining the 100 year wind speed for a given location is to obtain 
reliable wind data for the area of interest.  While wind velocity data may exist in the form 
of local anemometer readings, this type of data is considered to be unreliable for high 
velocity wind measurements due to the physical limitations of these instruments.   The 
American Society of Civil Engineers (ASCE), however, has compiled a record of reliable 
high velocity wind data based on extensive meteorological measurements and hurricane 
frequency analyses that cover the Atlantic and Gulf Coasts (ASCE, 2003).  Wind 
information from this source, specifically for the state of Florida, can also be found in the 
Florida Building Code (Section 1606 Wind Loads).  The Florida Building Code provides 
this data in a graphical format, depicting isovels of 50 year return period, maximum 3-
second average wind speeds (gusts) (figure 3).  These wind speeds are assumed to be 
measured at an elevation of 33ft and may be determined through linear interpolation of 
the isovels as necessary. 
 
 

 

Figure 3.  50 Year, 3-second Gust Wind Speed Isovels 

 
The 3-second gusts provided by the Florida Building Code are used primarily in the 
evaluation of the structural stability of buildings and are not directly applicable to earthen 
embankments or wind-wave analyses.  However, these conditions can be adjusted to 
wind speeds that are appropriate for such investigations.  Three steps are required to 
convert a 3-second gust wind speed to an appropriate 100 year design wind speed: (1) 
conversion of the 50 year, 3-second gust to a 100 year, 1-hour average wind speed (2) 
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adjustment from an over-land wind speed to an over-water wind speed, and (3) 
adjustment of over-water wind speed to fetch-limited wind speed. 
 
Conversion of 50 year, 3-second gust to 100 year, 1-hour average wind speed 
 
Conversion of the 50 year, 3 second gust wind speed takes place in two stages.  The first 
stage is to convert the gust wind speed from a 50 year to a 100 year return period.  This is 
done using conversion factors located in Table 1 (ASCE, 2003).    
 

Table 1.  Return Period Conversion Factors 

Return Period 
(years) Conversion Factor 

500 1.23 
200 1.14 
100 1.07 
50 1.00 
25 0.88 

 
From Figure 3, the 50 year, 3-second gust corresponding to the Site 1 Impoundment 
location is 140mph.  Using Table 1, a conversion factor of 1.07 is applied to this wind 
speed, resulting in a 100 year, 3-second gust wind speed of 149.8mph. 
 
The second stage is to convert the 3-second gust wind speed to a 1-hour average wind 
speed.  Figure 4 provides a means of converting extremal wind speed estimates from one 
averaging interval to another, using ratios of winds of various durations to 1-hour average 
wind speeds.   
 

 
Figure 4.  Ratio of Wind Speed of and Duration to 1-Hour Wind Speed (USACE, 
1984) 



 6

 
Figure 4 includes defining equations for wind durations of less than or equal to 1 hour (Ut 
< 3,600 seconds) and durations between 1 and 10 hours (3,600 < Ut <36,000 seconds).  In 
this particular case, the duration (3 seconds) is less than 1 hour, resulting in the 
application of the following equation: 
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where, 
 

Ut  = wind speed of duration less than 1 hour (149.8mph) 
U3600  = 1 hour wind speed 
t  = duration less than 1 hour (3 sec) 

 
Solving the above equations for U3600, results in a 100 year, 1 hour wind speed of 
99.2mph. 
 
Adjustment from over-land wind speed to over-water wind speed 
 
The next adjustment required to reach an appropriate design wind speed, is to account for 
land effects in the measured data.  Wind observations over water are typically the best 
choice for wave prediction.  When wind speed data comes from predominantly land 
based sources (i.e. airports and other urban sources), the effects of local frictional 
characteristics and topography must be accounted for.  Otherwise, wave growth will 
occur in a transitional boundary layer, which does not suitably represent actual over-
water conditions.  In cases where the fetch (horizontal distance over which winds 
generate waves) is less than 16 km (~10 miles) and wind speeds are relatively high, it is 
recommended that wind speeds resulting from land based measurements be increased to 
by a factor of 1.2 to better represent over-water conditions (USACE, 2005).   Applying 
this factor to the 100 year, 1-hour wind speed of 99.2mph gives an adjusted over-water 
wind speed of 119.1mph. 
 
Adjustment of over-water wind speed to fetch-limited wind speed 
 
The final adjustment to be made in calculating the design wind speed is applicable only 
to reservoirs of relatively long fetch length over which a fully developed wind field will 
develop within the duration of the design wind condition.  If the duration required to 
achieve a fully developed wind speed exceeds the 1-hour duration of the 100 year design 
wind speed, the wind speed must be adjusted for the longer duration.  
 
The wind duration (in seconds) required to produce a fetch-limited wave field for a given 
fetch and wind speed can be expressed as follows (USACE, 2005): 
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where 
 

t  = wind duration (seconds) 
F  = straight line fetch distance over which the wind blows (meters) 
u = wind velocity (meters/second) 
g = acceleration due to gravity (meters/second2) 

 
Converting to English units provides the following: 
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where F is the fetch distance in miles and u is the wind speed in miles per hour. 
 
Determination of Fetch.  Fetch is defined as a distance over which the wind speed and 
direction are reasonably constant.    Fetches fall into two categories, open-water fetches, 
where wave growth is limited only by the incident meteorological conditions, and 
restricted fetches, where wave growth is limited by a confined geometry such as that of a 
lake, river, bay, or reservoir.  The Site 1 impoundment is subject to a restricted fetch.  
The restricted fetch methodology applies the concept of wave development in off-wind 
directions and considers the shape of the basin.  The fetch is defined as the radial average 
over an arc of 24 degrees centered on the wind direction.  For this study, the wind 
direction is taken to be the direction corresponding to the maximum fetch distance.  This 
will provide the maximum design fetch for determining the maximum possible duration. 
Figure 5 indicates the 24-degree arc for each Site 1 cell, divided into 3-degree intervals.  
Averaging the radial lengths over each arc gives average fetch lengths of 9,550ft for the 
West cell, 8,600ft for the East cell, and 14,590ft for the Combined cell, respectively. 
 
Applying the average fetch for each cell to the above duration equation yields a duration, 
tu,x , for the growth of a fully developed wave field, of 32.8 minutes in the West cell, 30.6 
minutes in the East cell, and 43.6 minutes in the Combined cell.  In all cases the 
calculated duration was less than 1 hour.  Therefore, the 100 year, 1-hour design wind 
speed does not require further conversion to an extended averaging interval.  For all three 
cells the 100 year, 1 hour wind speed remains 119.1mph.  
 
Determination of the Category 1 Hurricane Wind Speed 
 
In order to determine a design wind condition representative of non-hurricane season 
storms, historical Florida weather patterns were reviewed.  It was determined that a wind 
condition roughly equivalent to a mid-range Category 1 hurricane would be appropriate.  
Based on National Weather Service (NWS) guidelines, an 85mph, 1 minute average wind 
speed was selected.  To compare with the 100 year design condition, this wind speed was 
converted from a 1 minute average to a 1 hour average.  This was done using the 
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conversion equation described previously under Conversion of 50 year, 3-second gust to 
100 year, 1-hour average wind speed.  The resulting design wind speed becomes 
68.3mph 
 
 

 

Figure 5.  Fetch Determination Schematic for West, East, and Combined Cells 
 
 
Wind Setup Analysis 
 
Wind set up occurs when wind blows in a fairly constant direction over a body of water.  
Wind blowing across the water causes the surface layer to move in the direction of the 
wind due to shear stress development between the air and water.  This causes water to 
“pile up” against the shore, creating the effect known as “wind setup”.  A corresponding 
drop in water level will occur along the upwind shore.   
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Three wind setup models were investigated for applicability to the EAA reservoir, the 
Zieder Zee formula (USACE, 1990), the Brater and King method (Brater et al., 1996), 
and the Bretschneder method (Ippen, 1966).   Although the Zeider Zee formula is 
generally recommended in USACE Engineering Manuals, it is empirically derived based 
on deepwater fjords and produces unrealistically high setup values for shallower waters.  
The Sibul method (Brater et al., 1996), developed through laboratory experiments and 
tested with field data, has shown good correlation with data gathered for large bodies of 
water such as Lake Okeechobee and the Baltic Sea.  However, the Sibul model appears to 
under predict wind set up in shallow water cases when compared with other generally 
accepted models.  Bretschneder’s model is a physics based model allowing for the 
different shear forces developed by the wind on water surface and by return flow on 
bottom bed.  This model was solved numerically using Lake Okeechobee data and 
appears well founded on water bodies similar to CERP reservoirs.  Bretschneder’s model 
was therefore selected as the model to calculate wind setup for the Site 1 Impoundment. 
 
Bretschneder 
 
The numerical model presented by Bretschneder was derived under steady-state wind 
conditions, i.e. constant speed and direction along a channel axis.   The differential form 
of the model, based on surface and bottom shear stresses as well as conservation of mass, 
determines wind setup as a function of the effective stress.  The effective stress parameter 
employed in this method can be expressed as: 
 
 

2

2

gd
FUκ         

 
where, 

κ = wind drag coefficient 
U = wind speed  
F = fetch length 
g = acceleration due to gravity 
d = water depth 

 
Based on the calculated value of this stress parameter, wind setup can be determined 
from tabulated data presented in Ippen (1966).    
 
It should be noted that the wind drag coefficient, κ, is not a constant.  Its value can be 
influenced by such factors as wind speed, wave steepness (eddy correlation), and salinity.  
For this study, a wind drag coefficient value of 3.3x10-6 was assigned.  This value is 
based upon studies of Lake Okeechobee (Ippen, 1966) and is considered to be 
representative of conditions at Site 1 as well. 
 




