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Lincoln Center II  2514 South 102nd Street, Suite 278 

West Allis, WI 53227 

(414) 336-7900 

www.foth.com 

 

June 30, 2020 

 

 

TO: Project File 

 

CC: Timothy Wagner, P.E. (WI), Foth 

 

FR: Jacob Sturzl, Foth 

 

RE: Metocean Analysis for Milwaukee Estuary DMMF 

 

Foth Infrastructure & Environment, LLC (Foth) is designing a dredged material 

management facility (DMMF) in Milwaukee harbor to manage environmentally impacted 

dredged materials from the Milwaukee Estuary.  Located on Lake Michigan (see 

Figure 1) the proposed facility will be exposed to climatological and coastal hazards.  

These hazards include fluctuating water levels, large wave conditions, wind, and ice.  

This Metocean analysis collects publicly available data to better understand the historical 

record of conditions, as well as to develop criteria based on current and future predicted 

conditions.  These data sets will be used to inform various design tools, including coastal 

wave modeling, to develop a resilient and adaptive design for the DMMF.   

Figure 1:  Project Site Location 
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1 Water Level Analysis 

Lake Michigan water levels are dynamically changing, on both short- and long-term time 

scales.  Because the DMMF must be functional at all water levels, a detailed analysis of 

water levels is necessary to develop the design criteria for which the DMMF will be 

designed.  This section will discuss how water levels change and the significance those 

changes have at the project site.   

 

1.1 Long-term Water Level Analysis 

Long-term water levels in Lake Michigan are dynamic and governed by large scale 

climate variations, post glacial isostatic rebound, and anthropogenic causes.  Since 1918, 

the U.S. Army Corps of Engineers (USACE) has been recording water levels on the 

Great Lakes and reporting daily levels, as well as providing predictions for future water 

levels.  Figure 2 shows the monthly average water level data from 1918 to December 

2019.  The water levels since 1918 have gone through several high and low periods.  

Until the current high water levels, the recorded high still water level was 582.35 ft. 

IGLD 85 in 1986, with record lows near 576 ft. IGLD 85 in 1964 and 2013.   

 

 
Figure 2: Monthly water levels in Lake Michigan since 1918 (ILGD, 1985).  Water levels 

have fluctuated approximately 6 feet in the last century. Last data point 12/19. Data from 

USACE (2020a) 

 

Since 1986 the Lake went through a low water level period, until rapidly increasing over 

the last 5 years.  Figure 3 illustrates this rapid rise in water levels.  This closer look at 

monthly data also shows that water levels can vary by as much as 2 feet over a 1-year 

period.  A typical water level cycle is an increase in levels during the spring with a peak 

in late summer or early fall, before falling in the winter.  This cycle can be heavily 

influenced based on climate in the years prior, with precipitation and ice cover having a 
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lagging influence on increased water levels.  With increasing changes in climate it is 

anticipated that there will be a higher variability in water levels.   

 
Figure 3:  Monthly water levels at Milwaukee harbor for the last 20 years – last data 

point 12/19 (NOAA, 2019).  (ILGD, 1985) 

 

 

1.1.1 OHWM/LWD 

As water levels change, reference points were needed to established fixed marks from 

which datums could be referenced.  This was accomplished through the establishment of 

the Ordinary High Water Mark (OHWM), and the Low Water Datum (LWD), for Lake 

Michigan.  The USACE has determined an OHWM which represents the “approximate 

location of the line on the shore established by fluctuations of water and indicated by 

physical characteristics such as shelving, destruction of terrestrial vegetation, presence of 

litter or debris, or changes in the character of soil”.  The USACE determined the LWD as 

a minimum water level for navigation purposes.  Table 1 summarizes Lake 

Michigan/Huron long-term water level datum and values.  

 

Table 1 

Lake Michigan/Huron Long-Term Lake Level Datum and Values 

LWD OHWM Mean Variance 

577.5' 581.5' 578.83' 1.36' 

 

Reference:  USACE, 2020a and 2012 (ILGD, 1985) 
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1.1.2 Predicted Future Water Levels  

With the current high water conditions, future water levels are important to the design 

process, as these water levels would potentially exceed known recorded levels from the 

last 100 years.  The USACE provides updated six-month forward-looking water level 

forecasts which are updated monthly.  Figure 5 presents the six-month forecast prepared 

in January 2020.  Based on this forecast, it is anticipated that water levels in Lake 

Michigan will reach record highs in 2020..  

Figure 4:  USACE Lake Michigan-Huron Monthly Bulletin of Lake Levels for the Great 

Lakes (USACE, 2020b). 
 

 

1.2 Short-Term Water Level Changes  

Short-term water level changes such as storm surges and seiches, due to the passage of 

weather systems, are common on Lake Michigan.  During the passage of a storm, wind 

driven setup, wave set up, and pressure driven water level change create a storm surge 

and corresponding rise or fall in water level depending on which side of the basin one is 

on.  Seiches are the result of either a sudden rise or fall in water surface elevation, 

followed by a rebound within a short time period.  The water level will continue to 

oscillate with diminishing amplitude based on the geometry of the basin. 

 

A long history of storm surge and seiche events is known for Lake Michigan, and in 2012 

USACE produced a study entitled “Wave Height and Water Level Variability on Lakes 

Michigan and St Clair.”  In this study the effects of storm surge, waves, and seiche on 
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water levels were evaluated for various locations along Lake Michigan, including 

Milwaukee.  Table 2 shows the top 20 storm surge events on record for Milwaukee, WI.   

 

Table 2 

Top 20 Surge Events Ranked from Highest to Lowest from Peaks-

over-Threshold Analysis of Milwaukee Water Level Gauge Data 

Spanning 96 years 

Rank Date Surge (ft) 

1 3/15/1954 2.17 

2 3/9/1987 2.13 

3 1/15/1922 1.98 

4 12/15/1987 1.95 

5 10/15/1929 1.87 

6 3/15/1917 1.81 

7 12/3/1990 1.78 

8 5/15/1927 1.74 

9 5/15/1918 1.65 

10 6/15/1918 1.63 

11 3/4/1985 1.61 

12 6/15/1917 1.59 

13 12/15/1965 1.56 

14 3/9/1998 1.53 

15 12/15/1968 1.53 

16 12/30/1971 1.52 

17 5/15/1923 1.50 

18 3/15/1929 1.42 

19 6/15/1924 1.41 

20 2/8/1987 1.41 

 
Reference:  USACE, 2012. 
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The USACE calculated return periods for total water level based on measured water 

levels using AMS empirical distribution (Figure 5). 

 

Figure 5:  Return periods of total water level from observations in Milwaukee using peak 

over threshold Generalized Pareto Distribution (USACE, 2012). 
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Additionally, the study isolated storm surges from background water levels and 

calculated return periods for storm driven water level changes (Figure 6).   

 

 
Figure 6:  Return periods of storm surges from observations in Milwaukee using peak over 

threshold Generalized Pareto Distribution (USACE, 2012). 

 

2 Wind-Wave Analysis 

Due to its size and water depth, Lake Michigan is subjected to large wave events.  Waves 

on Lake Michigan are largely wind-driven waves with the largest wave formations 

occurring during storm wind events.  Wind data from the Mitchell International Airport 

(Milwaukee, Wisconsin), including direction, speed, and frequency, are illustrated on 

Figure 7.  The predominant wind events are from the westerly directions; however; as 

Milwaukee is located on the western shore of Lake Michigan; the easterly winds are of 

most importance to this analysis.  Northeasterly wind events present the highest intensity 

to the project area.    
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Figure 7:  Wind rose from Mitchell International Airport (ISU, 2020) hourly average wind 

speeds. Data spanning from 1970-2019. 

 

 

Strong wind events are often of sufficient duration to generate large wave events.  These 

large wave events are characterized by high offshore wave heights, which propagate in 

the direction in which the wind is blowing.  For instance, waves generated by a wind 

blowing from the north, will travel from north to south.  Further, these waves will 

propagate until they break along a shoreline or impact a solid body which breaks the 

wave.   

 

Under the Wave Information Studies Program (WIS), USACE has developed hindcast 

wave data which evaluates approximately 40 years of data to develop statistical wave 

conditions as well as storm return period wave characteristics.  These hindcasts are done 

for “stations” along the coastline, with WIS Station 94050 being closest to the project 

site.  A hindcast return period analysis for wave height off shore of Milwaukee is shown 

on Figure 8, which highlights recorded wave heights in excess of 20 feet for the study 

period.    
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Figure 8:  Milwaukee harbor wave height return periods calculated using peak over 

threshold Generalized Pareto Distribution, data from USACE Wave Information Studies 

wave hindcasting. 

 

 

Further breakdown of the individual wave components were evaluated for varying return 

periods.  These components include not only the wave height, but wave period and 

direction.  Similar to a wind rose, a wave rose shows significant wave heights as a 

function of direction and frequency.  Figure 9 presents the hindcast wave rose for WIS 

Station 94050, which shows that the highest frequency of large waves are from the 

northeast.  This corresponds to the longest fetch distance across Lake Michigan from the 

eastern shore to Milwaukee.   
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Figure 9:  Wave rose from WIS 94050 (USACE, 2020c). The largest and most frequent 

waves propagate from the northeast direction, along the 200+ mile fetch path. 

 

 

Foth performed extreme value analysis to determine design and modeling criteria.  

Weibull extreme value distribution was used to calculate return periods for significant 

wave height in ten-degree increments.  Table 3 shows the return period table for wave 

directions relevant to the project site.  The largest waves propagate from the northeast, 

which corresponds with the longest fetch distance at the site.  
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Table 3 

Return Periods by Direction Calculated through Extreme Value 

Analysis of WIS Station 94050 Data 

  

Return Periods (Years) 
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20 - 30 9.36 12.26 13.49 16.29 17.49 

30 - 40 7.64 10.24 11.35 13.88 14.95 

40 - 50 4.84 8.29 9.75 13.07 14.47 

50 - 60 6.11 7.61 8.26 9.69 10.31 

60 -70 6.18 7.93 8.68 10.37 11.09 

70 -80 6.34 8.48 9.43 11.51 12.39 

80 - 90 5.56 8.68 9.98 12.97 14.24 

90 - 100 5.79 8.58 9.75 12.42 13.56 

100 - 110 6.70 8.52 9.30 11.05 11.80 

110 - 120 6.57 8.45 9.23 11.05 11.80 

120 - 130 6.57 7.87 8.42 9.65 10.21 

130 - 140 6.34 7.90 8.58 10.11 10.76 

140 - 150 6.57 7.70 8.19 9.30 9.75 

150 - 160 6.34 7.09 7.41 8.16 8.45 

 
Reference:  USACE, 2020c 

 

The DMMF project site is located along the shoreline in Milwaukee Harbor, protected by 

the USACE Milwaukee Breakwater.  All wave data presented previously is offshore 

wave characteristics on the outside of the breakwater.  To obtain the wave conditions at 

the DMMF project site a numerical wave model was be developed to incorporate the 

complexities surrounding Milwaukee Harbor.  This site-specific model is discussed in the 

Coastal Modeling Report, which is provided in Appendix G of the Final Design Report 

(Foth, 2020). 

 

3 Ice Review 

Lake Michigan is subject to the development of ice.  While Lake Michigan does not 

typically freeze over, ice will form in the shallow water areas, including Milwaukee 

Harbor.  The formation of ice can have an effect on shoreline structures as well as a 

reduction in storm induced wave height by dampening the waves and reducing the ability 

for wind to interact with the lake surface.  This section will look largely at the typical 

expected ice formations.  Any design related ice analysis will be described as part of the 

design of the DMMF structures.   

 

Using available ice observations from commercial shipping spanning from 1900-1970 

(NOAA, 2004), the maximum ice thickness observed in Milwaukee harbor was 

24 inches.  This excludes observations marked as slush ice.  Figure 10 displays the ice 

thickness concentrations observed.  
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Figure 10:  Ice thickness observations from commercial shipping spanning  

1900-1970 (NOAA, 2004) 

 

 

These data were originally used in reports to predict when harbors would be safe for use, 

so the observations are mainly late February to early March.  Maximum ice thickness on 

Lake Michigan generally occurs on February 24-28 (NOAA, 2004), and likely later 

during especially cold seasons, so these observations are viable in predicting maximum 

thickness.  

 

4 Effects of Climate Change 

Climate change projections for the Great Lakes Region show increased air temperature 

(+1.8°-5.4°F by year 2050), increased precipitation, and an increase in extreme weather 

events (GLISA, 2020).  In general, climate change is expected to have the following 

impacts on the Great Lakes:   

 

1. Reduced ice coverage – According to the Great Lakes Coastal Resilience 

Planning Guide, average annual ice cover in the Great Lakes has declined 71% 

from 1973-2010. This trend is likely to continue as air temperature rises (GLISA, 

2020).  

 

2. Increased variability in water levels – Future water levels are dependent on 

precipitation, runoff, evaporation, land use and lake regulations.  Because these 

factors are difficult to predict, water level projections vary.  Current projections 

indicate increasing variability in lake levels (GLCR, 2013).   

 

3. Increased water temperature – Increasing air temperatures will raise water 

temperatures in the Great Lakes.  This can lead to toxic algal blooms, increased 

stratification, and harm Great Lakes ecology (GLISA, 2020).  
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4. More frequent extreme wind/wave events – A warmer atmosphere leads to 

more frequent intense storms that generate large waves. This may lead to more 

erosion and damage on shoreline structures (GLCR, 2013). 

  

The DMMF design will allow for the potential effects of climate change, including being 

functional as water level fluctuations increase and protecting against more frequent large 

wave events.  

 

5 Summary 

Lake Michigan frequently sees rapidly changing environmental conditions.  The analyses 

presented above work to develop criteria from those varied data sets, such that design 

criteria or storm return periods could be set for further evaluation and design.   

 

5.1 Water Levels 

Lake Michigan water levels have varied by more than 6 feet over the last 100 years, and 

currently are near their record high.  Based on the evaluation of data from the USACE 

above the following water level design criteria are presented to meet a 100-year design 

life that is also resilient for future climate change.   

 

High still water (ILGD 1985): +5 LWD (582.5 ft IGLD 85) 

Low still water (ILGD 1985): - 1.5 (576 ft IGLD 85) 

 

5.2 Wave Criteria 

USACE WIS hindcast data was central to the development of offshore wave design 

criteria.  These offshore wave criteria are to be used in the development of a numerical 

model which will evaluate wave heights at the project area.  Based upon the evaluation of 

the hind cast data, the offshore wave design criteria for a 100-year event is as follows: 

 

Significant wave height:  17.5 feet  

Predominant wave angle: 25 degrees (20-30 degree bin) 

 

5.3 Ice Buildup 

Ice frequently develops within the coastal region of Lake Michigan, and more 

importantly in the harbor areas such as Port Milwaukee.  An evaluation of historical ice 

thickness data shows that a maximum ice thickness of 24 inches is expected in 

Milwaukee, with peak ice formation occurring in mid to late February.  It is expected that 

with potential climate change, ice formation will be significantly impacted in both 

duration and thickness of ice.   

 

  



 

pw:\WEC Business Services\0019W012.00\10000 Reports\Final Design\App D Metocean Rpt\M-FILE, Metocean Technical 

Report.docx 14 

6 Sources 

Foth Infrastructure & Environment, LLC, 2020.  Final Design Report – Milwaukee 

Estuary DMMF.  November 2020. 

 

Great Lakes Coastal Resilience, 2013.  “Climate and Environment” 

http://greatlakesresilience.org/climate-environment/climate-change#primary-

impacts 

 

Great Lakes Integrated Sciences + Assessments, 2020.  “Climate Change in the Great 

Lakes Region,” http://glisa.umich.edu/gl-climate-factsheet-refs  

February 14, 2020. 

 

Iowa State University, 2020 “Iowa Environmental Mesonet” Station MKE 

https://mesonet.agron.iastate.edu/sites/windrose.phtml?station=MKE&network=

WI_ASOS 

 

National Oceanic and Atmospheric Administration, 2004.  Technical Memorandum 

GLERL-130, “Computerized National Weather Service Great Lakes Ice Reports 

for Winter Seasons 1899-1970. 

https://www.glerl.noaa.gov/ftp/publications/tech_reports/glerl-

130/appendix1/Tables/SITE307.TXT  December 2004. 

 

National Oceanic and Atmospheric Administration, 2019.  Tides and Currents, Station 

9087057 Milwaukee, WI 

https://tidesandcurrents.noaa.gov/waterlevels.html?id=9087057&units=standard&

bdate=20000103&edate=20191104&timezone=LST/LDT&datum=IGLD&interva

l=d&action=data 

 

U.S. Army Corps of Engineers, 2012.  “Great Lakes Coastal Flood Study”, 2012 Federal 

Inter-Agency Initiative Wave Height and Water Level Variability on Lakes 

Michigan and St Clair. http://greatlakesresilience.org/library/reports/wave-height-

and-water-level-variability-lakes-michigan-and-st-clair 

 

U.S. Army Corps of Engineers, 2020a.  Long Term Average, Maximum, and Minimum 

Great Lakes Water Levels. http://www.lre.usace.army.mil/Missions/Great-Lakes-

Information/Great-Lakes-Water-Levels/Historical-Data/ 

 

U.S. Army Corps of Engineers, 2020b.  “Monthly Bulletin of Great Lakes Water Levels” 

https://www.lre.usace.army.mil/Missions/Great-Lakes-Information/Great-Lakes-

Water-Levels/Water-Level-Forecast/Monthly-Bulletin-of-Great-Lakes-Water-

Levels/  January 2020. 

 

U.S. Army Corps of Engineers, 2020c.  “Wave Information Studies”. Station 94050 

http://wis.usace.army.mil/wis_products.html?dmn=lake_michigan&staid=94050

&lat=43.04&lon=-87.8&dep=-30 

 

http://greatlakesresilience.org/climate-environment/climate-change#primary-impacts
http://greatlakesresilience.org/climate-environment/climate-change#primary-impacts
http://glisa.umich.edu/gl-climate-factsheet-refs
https://mesonet.agron.iastate.edu/sites/windrose.phtml?station=MKE&network=WI_ASOS
https://mesonet.agron.iastate.edu/sites/windrose.phtml?station=MKE&network=WI_ASOS
https://www.glerl.noaa.gov/ftp/publications/tech_reports/glerl-130/appendix1/Tables/SITE307.TXT
https://www.glerl.noaa.gov/ftp/publications/tech_reports/glerl-130/appendix1/Tables/SITE307.TXT
https://tidesandcurrents.noaa.gov/waterlevels.html?id=9087057&units=standard&bdate=20000103&edate=20191104&timezone=LST/LDT&datum=IGLD&interval=d&action=data
https://tidesandcurrents.noaa.gov/waterlevels.html?id=9087057&units=standard&bdate=20000103&edate=20191104&timezone=LST/LDT&datum=IGLD&interval=d&action=data
https://tidesandcurrents.noaa.gov/waterlevels.html?id=9087057&units=standard&bdate=20000103&edate=20191104&timezone=LST/LDT&datum=IGLD&interval=d&action=data
http://greatlakesresilience.org/library/reports/wave-height-and-water-level-variability-lakes-michigan-and-st-clair
http://greatlakesresilience.org/library/reports/wave-height-and-water-level-variability-lakes-michigan-and-st-clair
http://www.lre.usace.army.mil/Missions/Great-Lakes-Information/Great-Lakes-Water-Levels/Historical-Data/
http://www.lre.usace.army.mil/Missions/Great-Lakes-Information/Great-Lakes-Water-Levels/Historical-Data/
https://www.lre.usace.army.mil/Missions/Great-Lakes-Information/Great-Lakes-Water-Levels/Water-Level-Forecast/Monthly-Bulletin-of-Great-Lakes-Water-Levels/
https://www.lre.usace.army.mil/Missions/Great-Lakes-Information/Great-Lakes-Water-Levels/Water-Level-Forecast/Monthly-Bulletin-of-Great-Lakes-Water-Levels/
https://www.lre.usace.army.mil/Missions/Great-Lakes-Information/Great-Lakes-Water-Levels/Water-Level-Forecast/Monthly-Bulletin-of-Great-Lakes-Water-Levels/
http://wis.usace.army.mil/wis_products.html?dmn=lake_michigan&staid=94050&lat=43.04&lon=-87.8&dep=-30
http://wis.usace.army.mil/wis_products.html?dmn=lake_michigan&staid=94050&lat=43.04&lon=-87.8&dep=-30

