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LAKE MICHIGAN BEGINNING-OF-MONTH WATER LEVELS 
AND MONTHLY RATES OF CHANGE OF STORAGE

Frank H. Quinn

This report describes the results of a study of Lake 
Michigan beginning-of-month water levels and monthly changes 
of storage. The study established that the number and dis
tribution of water level gages in the presently existing 
gage network is adequate for the computation of beginnning- 
of-month water levels. Computed beginning-of-month water 
levels and changes of storage for the period 1900-1972 are 
listed for use in scientific and planning studies.

1. INTRODUCTION
A study of the Lake Michigan beginning-of-month water levels was 

undertaken to provide information necessary for lake studies concerning 
hydrology, beach and shore erosion, navigation, and hydro-electric 
power and lake regulation. The monthly changes of storage which are 
computed from the beginning-of-month levels from two consecutive 
months are utilized in water budget studies such as the determination 
of lake evaporation rates and net groundwater influx into the lakes.

Initial consideration was given to the 1950-1970 time base since 
it contains a sufficient number of water level gages to analyze the 
effect of the gage network size on the beginning-of-month level compu
tations. This period is also significant as it includes the modern 
record high lake levels of 1952 as well as the record lows of 1964.

The Thiessen polygon procedure was used to compute the beginning- 
of-month lake levels. This is the technique commonly used by 
hydrologists to obtain a weighted average (a representative basin 
value) of point source measurements of precipitation within a basin.
The Thiessen polygon procedure provides a better overall representa
tive lake level than straight averaging and at the same time stand
ardizes a procedure for computing these levels.
Results of the initial study revealed that the Thiessen polygon 
procedure was adequate and should be used in quantifying the data 
for the years prior to 1950, i.e., for the 1900-1949 period. Further, 
it showed that the presently existing gage network is adequate for 
updating the data in the future. Therefore, this report has quantified 
beginning-of-month levels and rates of change of lake storage data for 
the period of 1900-1972 as presented in section 3.



2. METHODOLOGY
The beginning-of-month water levels for Lake Michigan were 

computed using a water level gage network located on the periphery 
of the Lake. Ideally, these beginning-of-month levels should repre
sent the instantaneous levels at the beginning of the months. 
Practically, however, representative instantaneous true water levels 
are difficult, if not impossible, to measure because of the effect 
of short-term fluctuations in wind speed and direction and changes in 
atmospheric pressure over very small time periods. These fluctuations 
could cause considerable error in computing a true instantaneous level 
for the Lake. This error is lessened by specifying that the beginning- 
of-month level for each gage shall be equal to the average of the 
daily mean water levels of the first day of the month and the last day 
of the previous month.

The computations procedure was set forth by Quinn (1971) and con
sists of applying weighting factors to each water level gage in the 
network. The weighting factors were computed from Thiessen polygon 
networks drawn from the various water level gage networks. This is 
expressed mathematically as

L W1L1 + W2L2 + W3L3 + + W L o n n
for W. + W. + W. +....W =1.012 3 n

where L0 is the weighted Lake Michigan beginning-of-month water 
level,
Ll~Ln are the beginning-of-month levels at the various 
gage locations,
Wi-Wn are the Thiessen polygon weighting factors for gage 
locations,
1 to n,
n is the number of water level gages in the network.

The basic data used consist of daily mean water levels for the 
first and last days of the months for each water level gage in opera
tion. These levels were computed from the gages using sampling rates 
varying from hourly values in the current period to tri-daily readings 
in the early nineteen hundreds. The gage response time of less than 1 
minute is sufficient to filter out wind waves and ship effects but main
tain the longer period variations. The water level gages used in the 
study, along with their period of record, are given in table 1, and 
their location is shown in figure 1. Occasional missing gage data were 
interpolated from existing gages.
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Table 1. Water Level Gages and Period of Record

Period of Recon 
Gage Location (daily means]

Mackinaw City
Milwaukee

1899-Date
1899-Date

Ludington
Holland

1950-Date
1960-Date

Calumet 1903-Date
Sturgeon Bay
Green Bay
Port Inland

1946-Date
1955-Date
1965-Date

In the initial analysis four different gage networks were deve
loped for the 1950-1970 period to determine the optimum network size 
as well as to quantify a data set for this period. For obtaining a 
quantified data set for the period 1900-1949, an additional three 
different gage networks were established. The Thiessen polygons shown 
on figures 2-4 were drawn and weighting factors computed for their gages 
in the various networks. These networks with their corresponding gages 
and weighting factors are given in table 2.

Table 2. Gage Networks and Weighting Factors

Weighting Factors and Period Used

Gage 2 Gage 
Network 

1900-1972

3 Gage 
Network 

1903-1972

4 Gage 
Network 

1946-1972 

5 Gage
Network

1950-1972

6 Gage 
Network 

1955-1972

7 Gage 
Network 

1960-1972

8 Gage 
Network 

1965-1972

Milwaukee .500 .468 .313 .219 .219 .152 .152

Mackinaw .500 .381 .158 .158 .158 .158 .057

Calumet .151 .151 .151 .151 .108 .108

Sturgeon Bay .378 .278 .241 .241 .199

Ludington .194 .194 .161 .161

Green Bay .037 .037 .037

Holland .143 .143

Port Inland .143

3
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Figure 1. Water level gage locations.
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Figure 2. Thiessen polygon networks.
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Figure 3. Thiessen polygon networks.
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3. RESULTS

3.1 Effect of Gage Network Size

This analysis was based on the data for the 1950-1970 period.
The effect of the gage network size was investigated by comparing 
beginning-of-month lake levels computed by various sized networks 
during corresponding time periods. The statistical parameters used 
in the analysis were the standard deviation about zero, the mean, and 
the maximum of differences in beginning-of-month levels between two 
different sized networks. Additional data points were added to the 
1960-1972 period to make it statistically compatible with the other 
periods. These additional points consisted of mid-month and one- 
third-month levels using the same procedure as the beginning-of-month 
levels. The results are presented in table 3.

The maximum deviation of 0.03 foot and standard deviation of 
0.01 foot between the five and six gage networks indicate that little 
additional accuracy is obtained by increasing network size above five 
gages, when using daily mean lake levels. However, the additional 
gages are providing better accuracy for studies involving shorter 
time periods or for studies related to lake dynamics.

Table 3. Effect of Network Size on Beginning-of-Month Levels

No. of Networks *Mean Dev Std.Dev* Max.Dev* 
Period Points Compared (ft) (ft) (ft)

1946-1972
1950-1972
1955-1972
1960-1972
1965-1972

324
276
216
312
288

3 gage vs 4 gage
4 gage vs 5 gage
5 gage vs 6 gage
6 gage vs 7 gage
7 gage vs 8 gage

.01

.01

.00

.01

.00

.04

.02

.01

.02

.01

.16

.10

.03

.05

.04

Dev = Deviation from corresponding beginning-of-month levels
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3.2 Effect of Weighting Factors

Comparisons were also drawn between the beginning-of-month levels 
computed using the Thiesson weighting factors and those computed by 
assigning equal weights to each gage in the network. This comparison 
was developed to show the difference between the proposed procedure, 
Thiessen polygon weighting, and the most commonly used procedure, 
straight averaging. The results are given in table 4.

Table 4. Comparisons of Weighted and Average Beginning-of-Month
Levels

Network Size No. of Ik *Mean Dev St. Dev *Max Dev 
Gages Months (ft) (ft) (ft)

3 276 .00 .03 .13
4 276 .00 .03 .07
5 276 .00 .01 .04
6 216 .01 .02 .09
7 156 .01 .02 .09
8 96 .01 .05 .05

Dev = Weighted Beginning-of-Month Level Minus 
Average Beginning-of-Month Level

v Table 4 shows that there is a significant difference in the maxi
mum deviation between the two procedures for Lake Michigan. The 
maximum deviations are attributed to wind set-up and seiches. These 
differences indicate that the selection of weighting factors has a 
large effect upon the lake level computations during periods of wind 
stress and seiches.

3.3 Beginning-of-Month Levels
The beginning-of-month water levels computed for each gage are 

given in tables A.1 - A.8 in the Appendix. Lake Michigan beginning-of- 
month levels, computed with the gage networks given in table 5, are 
presented in table A.9.

9



Table 5. Gage Networks Used for Lake Michigan Beginning-of-Month Levels

Period
No. of Gages 
in Network Period

No. of Gages 
in Network

1900-1902 2 1955-1959 6
1903-1945 3 1960-1964 7
1946-1949 4 1965-1972 8
1950-1954 5

3.4 Change of Storage

The monthly changes in storage were computed by multiplying the 
difference between two consecutive beginning-of-month levels by the 
area of Lake Michigan, 22,300 square miles. The changes in storage 
were then converted into monthly rates by dividing the number of 
seconds in each month. These rates of change are given in table A. 10 
expressed as hundreds of cubic feet per second months (HCFS-months).

3.5 Crustal Movement Analysis
A crustal movement analysis was undertaken to determine relative 

rates of subsidence, if any, along the longitudinal and latitudinal 
lake axes. The data used in the analysis consisted of yearly mean- 
water-level data for the period of record. No relative movement was 
discovered on the latitudinal axis between the Milwaukee and Ludington 
gages. This, however, may be due to the limited time period for 
compariso , about 23 years.

The analysis of relative movement along the longitudinal axis 
showed well defined movement between the Mackinaw City and Calumet 
gages. As depicted in figure 5, the relative rate of movement 
between the two gages is 0.65 foot per 100 years.

4. CONCLUSIONS AND RECOMMENDATIONS
This study shows that the present gage network is adequate for 

both scientific and planning studies and that no additional accuracy 
in beginning-of-month levels will be achieved by increasing the net
work size over the present level of nine gages.

The method of computation, i.e., weighted or averaged, was found 
to have as large an effect on the beginning-of-month levels as the 
number of gages in the network. Therefore, the weighting factors 
should be carefully selected using the Thiessen polygon procedure.

10



LEAST SQUARES CURVE FIT 
Y = -0.309 + 0.0065 X 

WHERE Y = DIFFERENCES
X - TIME IN YEARS 

FROM THE ORIGIN 
FALL - 0.65 FT./100 YRS.

+0.40

+0.20

S3 <

-0.20

-0.40

1900

TIME IN YEARS

Figure 5. Plot demonstrating the relative crustal movement between 
Calumet and Mackinaw City gages.

The beginning-of-month levels and storage changes listed in 
tables A. 9 and A.10 are reconmended for use in scientific and planning 
studies and should be updated on a yearly basis using the Thiessen 
polygon procedure.
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ENVIRONMENTAL RESEARCH LABORATORIES

The mission of the Environmental Reasearch Laboratories is to study the oceans, inland waters, the lower 
and upper atmosphere, the space environment, and the earth, in search of the understanding needed to pro
vide more useful services in improving man’s prospects for survival as influenced by the physical environment. 
Laboratories contributing to these studies are:

Atlantic Oceanographic and Meteorological Laboratories (AOML): Geology and geophysics of ocean basins 
and borders, oceanic processes, sea-air interactions and remote sensing of ocean processes and characteristics 
(Miami, Florida).

Pacific Marine Environmental Laboratory (PMEL): Environmental processes with emphasis on monitoring 
and predicting the effects of man’s activities on estuarine, coastal, and near-shore marine processes (Seattle, 
Washington).

Great Lakes Environmental Research Laboratory (GLERL): Physical, chemical, and biological, limnology, 
lake-air interactions, lake hydrology, lake level forecasting, and lake ice studies (Ann Arbor, Michigan).

Atmospheric Physics and Chemistry Laboratory (APCL): Processes of cloud and preciptation physics; 
chemical composition and nucleating substances in the lower atmosphere; and laboratory and field experiments 
toward developing feasible methods of weather modification.

Air Resources Laboratories (ARL): Diffusion, transport, and dissipation of atmospheric contaminants; 
development of methods for prediction and control of atmospheric pollution; geophysical monitoring for 
climatic change (Silver Spring, Maryland).

Geophysical Fluid Dynamics Laboratory (GFDL): Dynamics and physics of geophysical fluid systems; 
development of a theoretical basis, through mathematical modeling and computer simulation, for the behavior 
and properties of the atmosphere and the oceans (Princeton, New jersey).

National Severe Storms Laboratory (NSSL): Tornadoes, squall lines, thunderstorms, and other severe local 
convective phenomena directed toward improved methods of prediction and detection (Norman, Oklahoma).

Space Environment Laboratory (SEL): Solar-terrestrial physics, service and technique development in the 
areas of environmental monitoring and forecasting.

Aeronomy Laboratory (AL): Theoretical, laboratory, rocket, and satellite studies of the physical and 
chemical processes controlling the ionosphere and exosphere of the earth and other planets, and of the 
dynamics of their interactions with high-altitude meteorology.

Wave Propagation Laboratory (WPL): Development of new methods for remote sensing of the geophysical 
environment with special emphasis on optical, microwave and acoustic sensing systems.

Marine EcoSystem Analysis Program Office (MESA): Plans and directs interdisciplinary analyses of the 
physical, chemical, geological, and biological characteristics of selected coastal regions to assess the potential 
effects of ocean dumping, municipal and industrial waste discharges, oil pollution, or other activity which may 
have environmental impact.

Weather Modification Program Office (WMPO): Plans and directs ERL weather modification research 
activities in precipitation enhancement and severe storms mitigation and operates ERL’s research aircraft.

NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION
BOULDER, COLORADO 80302
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