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Overview

The Cleveland waterfront was initially developed to support industry and the transportation of goods via
Cleveland harbor. Cleveland Metroparks has partnered with the City of Cleveland, Ohio Department of
Natural Resources, the Ohio Department of Transportation, and the Port of Cleveland to produce a study
to better utilize portions of the lakefront that have outlasted their original development focus. The resulting
Cleveland Harbor Eastern Embayment Resilience Study (CHEERS) is being led by WRT, with support
from KS Associates and Great Ecology. An aerial photograph of the study area appears in Figure 1.
The project includes an initial technical evaluation, public engagement, concept development, and
preliminary technical design of proposed improvements to the area. Each step will need to be informed by
the conditions in the project area so that feasible designs can be advanced. This requires a study of the
meteorological and oceanographic conditions at the project site (metocean analysis). The metocean
analysis detailed in this report develops the design wave levels, wave climate and ice characteristics in
the project area. Relevant design criteria are also summarized at the study area. The initial metocean
analysis is based on available hydrographic survey data for Cleveland Harbor, historical and recent water
level data, and wave hindcast data to develop an overall assessment of wave conditions in the project
area. The hindcast data provides an overview of wave conditions to aid in concept development. A more
detailed metocean analysis will be prepared for the proposed improvements once a final concept is
advanced to the preliminary technical design stage.
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Figure 1: Location Map (Google Earth, 2020)
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Water Levels and Wave Action
General

The selection of appropriate water levels and wave conditions is critical to the design of both hard shore
protection structures and soft shoreline stabilization measures. Hard shore protection structures include
armor stone revetments, sheet pile bulkheads, seawalls, and other permanent structures. Soft shoreline
stabilization measures include beach restoration using sand fill, shorefront vegetation areas, and
reinforced, vegetated banks. The range of water levels, the design wave climate, and the existing
topography and bathymetry will govern the possible solutions that best fit the project needs.
Design conditions developed from the metocean analysis are typically given in terms of return period or
annual chance. For example, a 100-year return period event has a 1 in 100 (1%) chance of occurring in a
given year, while the 50-year return period event has 1 in 50 (2%) chance of occurring in a given year.
The return period selected for each of the proposed improvements will depend on the relative importance
of each structure, risk to persons or property in the event of failure, and anticipated design life of the
structures. For example, the use of a 100-year flood elevation as a design water level may not be
necessary for a timber boardwalk with an anticipated design life of 30 years, particularly for a structure
with a recreational intent that is unlikely to be accessed or could be closed to the public during extreme
conditions.

Design Water Levels

Lake Erie water levels are influenced by long term variations, seasonal changes, and short-term storm
conditions. Long term and seasonal changes are generally considered variations in the static water level,
while short term changes are the result of local wind setup, storm surge, or seiche. Historical Lake Erie
water levels are available from the National Oceanographic and Atmospheric Administration (NOAA). The
nearest gauge station to the project site is NOAA Station 9063063 (41° 32.5' N, 81° 38.1' W), located at
Gordon Park (within the Cheers study area). Monthly mean water levels are available for Cleveland
dating back to 1860 (shown in Figure 2), while monthly maximum water levels are available from 1904 to
1943 and 1980 to the present.
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Figure 2: Verified Monthly Mean Water Levels at NOAA Station 9063063, Cleveland, OH
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The average water level over the approximately 160-year record is 571.3 feet IGLD 1985. The highest
monthly mean water level was 575.3 feet IGLD 1985 (recorded in July 2019). The lowest monthly mean
water level was 566.3 feet IGLD 1985 (recorded in February 1932).

Ordinary High Water

The term ordinary high water (OHW) mark means that line on the shore established by the fluctuations of
water and indicated by physical characteristics such as a clear, natural line impressed on the bank,
shelving, changes in the character of soil, destruction of terrestrial vegetation, the presence of litter and
debris, or other appropriate means that consider the characteristics of the surrounding areas (33 CFR
328.3(e)). The OHW established for Lake Erie is set at an elevation of 573.4 feet IGLD 1985. The OHW is
used to determine the regulatory jurisdiction for the U.S. Army Corps of Engineers.

Extreme Water Levels

The U.S Army Corps of Engineers (USACE) has published several documents presenting both short term
and long-term water level conditions along the shore of Lake Erie. The USACE (1988) Revised Report on
Great Lakes Open Coast Flooding provides an analysis of monthly mean and hourly instantaneous water
level data from the National Ocean Services and Canadian Hydrographic Service from 1960 to 1986. A
Pearson Type III frequency distribution was used to estimate flood levels based on a variety of return
periods. Extreme water levels for Cleveland (Reach Q) are shown in Figure 3.
The U.S. Army Corps of Engineers subsequently revised the water levels for the design of coastal
structures along the Great Lakes in 1993. The Design Water Level Determination on the Great Lakes
developed design water level curves using Pearson Type III frequency distribution based on monthly
mean and maximum water level records through 1989. Extreme water levels for Cleveland gauge are
shown in Figure 3.
The Federal Emergency Management Agency (2019) recently published offshore, still water elevations
for the study area as part of the Flood Insurance Study, Cuyahoga County and Incorporated Areas. Water
levels were estimated for selected storms using the Advance Circulation Model. Model results were then
extracted at 35 coastal transects across the county, with extreme statistics developed using the
Generalized Extreme Value distribution. Still water elevations at Transect 14, near Gordon Park, are
shown in Figure 3.
KS Associates also calculated design water levels based on the combined probability of occurrence of
high static lake levels and local storm surge. The statistical analysis was based on verified monthly high
mean water levels obtained from NOAA Cleveland Gauge Station from 1904 to 1943 and 1980 to 2019
(see Figure 3).
The most conservative water level estimates for the Cleveland area were those developed by W.F. Baird
and Associates and KS Associates (2015) for the Perkins & Edgewater Beach Preliminary Design Report.
For that effort, KS Associates directed Baird to perform an extreme water level analysis to help define the
design conditions. Baird calculated design water levels based on the combined probability of occurrence
of high static lake levels and local storm surge. The statistical analysis was based on verified monthly
mean water levels obtained from NOAA Cleveland Gauge Station (9063063) from 1904 to 2014 and
hourly water levels at the Cleveland Gauge from 1970 to 2014. The water levels developed by Baird
(2015) were higher than those based on the other sources noted earlier. Accordingly, they were selected
as the design conditions for this study and are listed below.
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Figure 3: Extreme Water Level Estimates for the Study Area
Table 1: Design water levels from Perkins & Edgewater Beach Preliminary Design Report (Baird, 2015)

50% annual chance
20% annual chance
10% annual chance
4% annual chance
2% annual chance
1% annual chance

Extreme Water Levels
2-year return period
5-year return period
10-year return period
25-year return period
50-year return period
100-year return period

574.5 feet IGLD 1985*
574.9 feet IGLD 1985*
575.2 feet IGLD 1985
575.6 feet IGLD 1985
575.9 feet IGLD 1985
576.2 feet IGLD 1985

*NOTE: 50% and 20% annual chance (2- and 5-year) values are extrapolated.
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Design Wave Heights

Observed wave data near the study area (https://www.ndbc.noaa.gov/) are limited to roughly two years of
recent data. However, hindcast wind and wave data from 1960-2014 are available from the U.S. Army
Corps of Engineers Wave Information Study (WIS, http://wis.usace.army.mil/). The nearest USACE
hindcast station is WIS Station 92068 approximately 11 miles north of the project area (in Lake Erie). The
wave rose in Figure 6 displays frequency of occurrence for significant wave heights outside the protected
harbor by direction based on record data. The average waves that will hit the proposed areas are from
the north-northeast and northeast. The average offshore wave exhibits a significant wave height of 0.5 to
1.5 feet, with a peak wave period of 3.0 to 3.9 seconds.

SIGNIFICANT WAVE HEIGHT (m, feet):

0-3.3'

3.3-6.6' 6.6-9.8' 9.8-13.1' 13.1-16.4' 16.4-18.9'

Figure 4: Wave Rose for WIS station 92068 (USACE)
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Extreme Wave Statistics

For a conservative design, a coastal structure must be engineered to withstand the largest possible
waves that are expected to reach the structure based on the selected return period. Wave period should
also be considered, as it partially governs runup and overtopping. The nearshore in the area of the
proposed improvements is protected from open lake waves by the Cleveland Harbor breakwater.
Therefore, design wave conditions are established by analyzing the conditions that limit the size of waves
reaching the structure:
1.
2.
3.
4.

Offshore recorded wave height and wave period.
The wind and fetch conditions allowing the generation of waves impacting the structure.
The height of waves overtopping the Cleveland harbor breakwater.
The depth of water at the base of the structure.

For a structure to be constructed in the eastern embankment of the Cleveland harbor it is prudent to
consider each of these three cases.

Offshore Wave Height and Wave Period

The significant wave height and peak wave period offshore were evaluated by applying the Generalized
Extreme Value (G.E.V.) Distribution to the top 55 wave events from 1960 to 2014. The resulting values
are summarized in Figure 7 and Table 2.
Table 2: WIS Station 92068 Offshore Wave Statistics

Return Period
(years)
2
5
10
25
50
100

Annual
Chance
50%
20%
10%
4%
2%
1%

Sign. Wave Height
(feet)
12.4 ± 0.9
13.8 ± 0.9
14.8 ± 0.9
16.3 ± 0.9
17.5 ± 0.9
18.9 ± 1.1

Peak Wave Period
(seconds)
7.8 ± 0.9
8.1 ± 0.9
8.4 ± 0.9
8.8 ± 0.9
9.2 ± 0.9
9.6 ± 1.2

Fetch Limited Wave Heights

The maximum fetch for the generation of waves within the Eastern Embankment towards the shore of
Cleveland is about 90 to 110 miles at an angle of about 9 degrees west of north to 39 degrees east of
north. Based on historical wind data obtained from WIS Station 92068, winds from this direction (+/- 10
degrees) are expected to occur approximately 5% of the time with wind speeds ranging from about 22 to
34 miles per hour (shown in Figure 8).
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Figure 5: Extreme Wave Statistics Offshore
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WIND SPEED (m/s, mph)
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Figure 6: Wind Rose for WIS Station 92068 (USACE)

A more conservative estimate of wind speeds is presented in the American Society of Civil Engineers
design standards. A design, 3-second wind gust of 90 miles per hour is specified by ASCE 7-05 for a
latitude of 41.5 degrees north at Exposure Level C. The equivalent, 1-hour sustained with speed is 60
mph. For preliminary design, fetch limited waves can be estimated from Figures 3-24 and 3-25 in the U.S.
Army Corps of Engineers Shore Protection Manual. A design wind speed of 90 miles per hour over a 90mile, 62-foot deep fetch results in a wave with a 15.9-foot height and 8.8 second period while a fetch of
110 miles with the same average depth results in a wave with a 16.2-foot height and 9.1 second period.
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In comparison to these values, the 50-year (2% annual chance) offshore wave height based on the WIS
data is 17.5 feet, with a period around 9 seconds. The WIS hindcast data shows a somewhat larger wave
height versus the fetch limiting case. For this reason, assuming a 50-year, 17.5 foot-high, offshore wave
with a period of 9 seconds is recommended for design. Overall, both the fetch-limited waves discussed
above and hindcast-based waves in Table 2 should be considered conservative estimates.

Breakwater Wave Transmission

Open lake waves can propagate past the Cleveland harbor breakwater through wave transmission.
Generally, as waves break on the rocks, the majority are dissipated completely. However, larger waves
can overtop the rubble mound breakwater and propagate past the wall. The WIS data suggests that a 50year, 17.5-foot high wave will be reduced to 7.5 feet after interacting with the Cleveland harbor
breakwater. The smaller, transmitted wave should be considered for any structure that is otherwise
isolated from the open-lake waves described above.

Depth Limited Wave Heights

Nearshore waves will generally break when the wave height reaches about 75 to 80% of the water depth.
Therefore, the largest waves that can reach a structure are limited by the water depth at the toe of the
structure. It is assumed that larger waves will be broken farther offshore (dissipating wave energy and
reducing wave heights).
At the design water level, the maximum water depth at the federal channel will be approximately 32.0
feet. This results in a maximum breaking wave height of about 25.0 feet. This is the largest unbroken
wave height based merely on the water depths at the toe of the structure and can be seen as the limiting
factor if other cases cause larger waves. It is highly improbable to see a wave this large in Lake Erie.

Preliminary Design Wave Heights

The fetch limited case results in waves that are less than the depth limited case but exceed the 50-year
return for the WIS data. Therefore, design waves for proposed structures are expected to be at a
maximum for the fetch limited case.
For the Technical Evaluation Stage, KS selected six locations for prediction of design wave conditions.
The sites selected are:
1.
2.
3.
4.
5.
6.

Adjacent to the Cleveland Public Power facility
North of the Lakeside Yacht Club
Near the north end of the Shoreline Apartments and the entrance to East 55th Street Marina
Near the northeast corner of the East 55th Street Marina breakwater
Near the Gordon Park Bike Trail along I-90
Adjacent to the Gordon Park fishing stations
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Figure 7: Locations for prediction of design wave heights

Design wave heights for concept development at each location are listed in the table below.

Site
Wave Height (ft)
Period (sec)

1
15.88
8.79

2
15.82
8.74

3
12.59
8.66

4
16.01
8.91

5
15.74
8.67

Table 3: Design Wave Heights and Periods (All fetch limited)

6
15.62
8.57

For the technical evaluation stage, design wave heights have been calculated for a 50-year return period.
The design wave heights will be reassessed during the technical design of each structure with
consideration of the relative risk to each structure.

Wave Transformations

Waves transform as they move from offshore into shallower water. A process known as shoaling causes
waves to gain height as the water depths decrease. Due to the USACE dredging the nearshore at the
project location the water depths do not decrease enough for wave shoaling to have a noticeable impact.
Waves can also undergo refraction and diffraction. Refraction occurs when the wave is propagating at an
angle to the lakebed contours and decreases in wave height as it bends towards the shoreline. Wave
diffraction occurs when waves move around a solid or semi-solid wall and propagate behind the structure.
Wave refraction and diffraction were not used for the design wave heights since the waves are not high
enough to be affected by the water depths and propagate at an angle such that the Cleveland breakwater
does not cause diffraction. Diffracted waves from the west will lose roughly 30% to 80% of their wave
height and will be less than the chosen design heights above.
Wave transformation may need to be considered in the technical design stage, if required for the
concepts advanced to technical design.
KS Associates Inc.
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Ice Forces

Structural designs will assume an ice thickness of 24 inches, similar to Daly’s (2016) estimate for
Cleveland (20 to 25 inches). On average, 82.4% of Lake Erie is covered in ice each winter year based on
data from 1973 to 2018 from the Great Lakes Engineering Research Laboratory (GLERL). Ice forms
initially at the coastline where structures will be constructed and freezes the interior of the lake last.
Cleveland is, on average, at or below freezing temperature for 78 consecutive days (December 5th to
February 21st). In recent years, Lake Erie has been experiencing a gradual reduction in ice cover.
Some structures resist ice forces better than others. Breakwaters can be constructed out of stone that
has been set out for the winter to ensure that structural fracturing does not occur. Structures may also
need to be designed for the weight of ice built up on the structure due to waves, wind, and precipitation.
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