COASTAL ENGINEERING RESEARCH CENTER FORT BELVOIR VA F/6 p/8
PREDICTING ADJUSTMENTS IN SHORE AND OFFSHORE SAND PROFILES ON TesETC(U)
JAN 81 E B HANDS

UNCLASSIFIED CERC=CETA=81-4

AD=A097 987




ADAO9798 7

T D SR
pral o v
Y. 7
,

o FUE v\of

PP

Predicting Adjustments in Shore and
Offshore Sand Profiles on the Great Lakes

COASTAL ENGINEERING TECHNICAL AID NO. 81-4
JANUARY 1981

CETA 81-4 |

(2

by
Edward B. Hands

Approved for public release;
distribution unlimited.

»

U.S. ARMY, CORPS OF ENGINEERS
COASTAL ENGINEERING
RESEARCH CENTER

Kingman Building
Fort Belvoir, Va. 22060

&




. -~
1
{
L]
Reprint or republication ol any of this material shall give appropriate .
credit to the U.S. Army Coastal Engineering Research Center.
; Limited free distribution within the United States of single copies of
this publication has been made by this Center. Additional copies are
available from:
i Nalional Techmeal Information Service
3 ATTN: Operations Division
3285 Port Roval Road “
Springficld. Virginw 22161
; The findings in this reporl are not to be construed as an otficial |
Department of the  Army position unless so designated by other '
‘ authorized documents.
Lo
I
oo
Fo
; I
E 1
'
N ]
! |
.
‘ L]
{
i




UNCLASSIFIED
SECURITY ATION OF THIS PAGE (When Dete Entered)

READ INSTRUCTIONS

REPORT DOCUMENTATION PAGE BEFORE COMPLETing EORM

I AUTHOR(J)

( 10 ’ Edward B/Hands

3. RECIPIENT'S CATALOG NUMBER

. REPORT NUMBER 2. GOVT ACCESSION NO,
'«‘ET@&*::] AD-A0q79 L

4. TITLE(.ldSubMM ) D
S [T * : }\%pastal ngineering
< L ‘yREDICTINGﬁJUSTMENTb IN ,§HORE AND <q fechnical Aid repd.
.. va‘ﬂm_

PROFILES ON THE GREAT LAKES

- -

YFFSHORE 34 "

8. CONTRACY OR GRANT NUMBER(s)

——
# PERFORMING ORANIZATION NAME AND ADDRESS
Department of the Army

10. PROGRAM ELEMENT, PROJECT, TASK
AREA & WORK UNIT NUMBERS

Coastal Engineering Research Center (CEREN-GE) D31667

Kingman Building, Fort Belvoir, Virginia 22060

1. CONTROLLING OFFICE NAME AND ADDRESS A AFE - T/
Department of the Army Q ’-Janmm .
Coastal Engineering Research Center 3. NUMBER OF PAGES
Kingman Building, Fort Belvoir, Virginia 22060 25

4. MONITORING AGENCY NAME & ADDRESS(!! different from Controlling Otlice) 15. SECURITY CL ASS. (of this report)

UNCLASSIFIED

1Ss. DECLASSIFICATION/DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abatract entered in Block 20, I difterent from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverae side if necessary and identity by block number)

Beach profile adjustments
Great Lakes
Lake level changes

Lake Michigan
Offshore bathymetry

20. ABSTRACT (Continue an reverse side Il necessary and identify by block number)

“» This report summarizes a prccedurc for calculsting the ultimate advance or retcea: of the
beach profile in response to a semipermanent change in water level elevation. The method,
applicable to sandy shores throughout the Great Lakes, is illustrated by two examples. Hands
(1980) describes the development of the procedure. A strictly empirical correlation useful
for estimating shore retreat on a l- to S5-year basis is discussed in Hands (1979). The
present procedure couples field wmeasurements with & wmodel of how the profile ultimately
reestablishes equilibrium with a new water level elevation. The former procedure would
generally underestimate this longer term change.

UNCLASSIFLED

DD ,"Sn%, 1473  eoimion oF 1 wov 88 13 oRsoLETE

SECUMTY cuussmcn'non OF TMIS PAGE “(When Data ""M\




PREFACE

This report outlines a procedure for estimating the ultimate adjustment of
the shoreline and of the offshore bathymetry to changes in mean water level on {
the Great Lakes. The procedure is based on a sediment balance model, cali-
brated and verified using profile changes measured on the eastern shore of
Lake Michigan over a 9-year period. The procedure is generalized for applica-
tion to other sections of the Great Lakes by considering regional variations 3

in storminess, and by requiring local evaluation of relevant geomorphic and
§ textural variables.
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1 f CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT

e U.S. customary units of measurement used in this report can be converted to
1 metric (SI) units as follows: 1

by«
1N
i Multiply by To obtain
inches 25.4 millimeters
2.54 centimeters
square inches 6.452 square centimeters
cubic inches 16.39 cubic centimeters
feet 30.48 centimeters
0.3048 meters
square feet 0.0929 square meters
cubic feet 0.0283 cubic meters
,‘ yards 0.9144 meters
8 square yards 0.836 square meters
cubic yards U.7646 cubic meters
{ miles 1.6093 kilometers
square miles 259.0 hectares
knots 1.852 kilometers per hour
acres 0.4047 hectares
; foot-pounds 1.3558 newton meters
millibars 1.0197 x 1073 kilograms per square centimeter
ounces 28.35 grams
: pounds 453.6 grams
0.4536 kilograms
ton, long 1.0160 metric tons
ton, short 0.9072 metric tons
L degrees (angle) 0.01745 radians
q Fahrenheit degrees 5/9 Celsius degrees or Kelvins!

1To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use formula: C = (5/9) (F -32).

¢ To obtain Kelvin (K) readings, use formula: K = (5/9) (F -32) + 273,15,




SYMBOLS AND DEFINITIONS
sediment overfill factor--the ratio of sediment volume supplied by
profile recession to that retained after sediment sorting, packing,

! and profile readjustment

sg (z) signum function having values of: 1 for z > 0; -1 for z < 0; and O

for z = 0
X average horizontal exter of profile adjustment
X average horizontal displacement of the profile ’
YA average vertical extent of adjusting shore profile
j1 z average change in elevation of the bottom profile or the water surface
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PREDICTING ADJUSTMENTS IN SHORE
AND OFFSHORE SAND PROFILES ON THE GREAT LAKES

by
Edward B. Hands

I. INTRODUCTION

This report briefly describes a method for predicting long-term changes in
shoreline position and offshore bathymetry on the Great Lakes. Beach profiles
fluctuate in response to storms and water level changes. On the Great Lakes
both storms and water levels undergo prominent seasonal fluctuations. Super-
imposed on the seasonal fluctuations is a longer term variation in annual mean
water level elevations. When measured over a number of years the net long-
term change in water levels exceeds the range of seasonal fluctuations. The
method described here for predicting long-term profile adjustments to changing
lake levels is based on a conceptually sound, empirically verified wodel which
includes allowances for regional variations in storm exposure, coastal geomor-
phology, and sediment texture.

II. THE IDEALIZED MODEL

As described by Bruun (1962), a rise in the mean elevation of the water
surface tends to shift the equilibrium sand profile landward. As water levels
rise, erosion prevails on the upper beach, and the shoreline retreats. Con-
ceptually, the erosion supplies material to build the outer part of the
responding profile upward. Eventually, the initial profile shape is reestab-
lished farther inland and, at a distance above its initial position, equal to
the change in water level, 1z, as depicted in Figure 1. 1f there are no
longshore losses the ultimate retreat of the profile x ¢an be calculated
given the dimensions of the responding profiles, X and Z, and a measure of
the stability of the shore~eroded material, Rp.

(R)E
Z

where sg z = 1 if z > 0, and sg z = ~1 if z < O. Hands (1980) provides a more
detailed description of the sequence of profile changes leading back to equi-
librium and the derivation of the equation as a direct consequence of the
conservation of sediment volumes. Also provided is an extended equation to
cover the case of longshore imbalances in sediment transport. Though the
concept behind the equation is straightforward, its evaluation in the field is
problematic because the required dimensions of the responding profile (X and
Z) will usually be unknown and depend on the local wave climate. Monitoring
of beach and offshore changes in Lake Michigan has both verified the per-
tinence of the equation and simplified its evaluation for sandy shores
throughout the Great Lakes.

ITL. EVALUATION OF TERMS IN THE EQUATION

l. Change in Water Level, =z.

This is the given or independent variable; it refers to the change in mean
elevation of the water surface whith disturbed the equilibrium of the beach.
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Figure 1. Sketch of profile measurements required to predict shore adjustment
to a change in water level elevation. Providing there is no net
gaim or loss outside the control volume, constancy of profile shape
requires that the ultimate shore retreat x be equal to 2zX/Z.

The change in water level elevation should persist at least long enough for
equilibrium to be reestablished. The time required to do so will depend on
the magnitude of the water level change and on the occurrence of storms which
provide the energy necessary for reshaping the shore. To be consistent with
the time frame in which other terms of the equation will be evaluated, the
mean water level surface is expected to remain at its new elevation for more
than 1 year. The new water surface elevation may refer to expected changes
resulting from proposed modification to the lake control plans, or it may
refer to a past change in lake level which could have resulted from natural
variations in the water supply, but whose effect remains to be determined.

2. Height of the Responding Profile, Z.

This term refers to the vertical relief of the active beach which extends
from the closure depth offshore to the top of the affected deposits on the
backshore. The profile closure depth, beyond which the bottom does not
respond to surface changes, depends on the local wave climate. Estimates of
closure depths, based on the relationship between published wave climates and
repetitive profiling on Lake Michigan (Hands, 1980), are tabulated in the
Appendix for all five Great Lakes. The average height of the affected back-
shore deposits above the initial water surface should be determined from field
measurements at the particular site of application. The sum of the closure
depth (taken from the App.) and the average backshore height (determined from
field surveys) is an estimate of Z.




3. Width of the Responding Profile, X.

The width of the responding profile refers to the horizontal distance
between the landwardmost point of profile adjustment and the offshore closure
depth. The width along many shore-normal profiles in the region of interest
should be measured and averaged to obtain a representative value (Fig. 1).

4. Overfill Ratio, Ry.

The percent of eroded material by volume to be carried as suspended load
beyond the closure depth should be estimated; additional erosion must compen-
sate for the loss from the active profile. Hobson (1977) explains how to
compute R,, based on textural parameters of "native beach” and "borrow”
materials. The same procedures can be applied here except that the parameters
for the borrow materials must be based on a composite sample of the eroding
section of shore; i.e., the upper beach, in the case of an increase in lake
level, because this is the zone which supplies sediment to rebuild the profile
(Fig. 1). 1If lake levels decline, then erosion below the lever point supplies
material to prograde the upper part of the profile (Fig. 1). In this case,
the lower profile (between lever and closure points) corresponds to the
“"borrow area.” In either case "native"” characteristics wmust be based on a
composite sample of the entire responding profile, from the upper limit of
profile adjustment to the point of profile closure. The lever point is useful
in describing the sediment balance concept. In practice it is an ill-defined
transition zone separating areas of predominant erosion and deposition. For
long-term adjustments this transition may occur in the vicinity of the outer
bar, but its exact location is not critical for the application of present
procedures.

If adequate data for calculating R, are not available and the lake level
is rising, R, can be assigned a value ot 1, provided that (a) there is less
silt and clay in the beach and backshore than there is offshore, and (b) the
mean grain size across the beach and backshore is greater than the mean size
offshore. A value of Ry = 1 indicates that all eroded material is expected to
remain in the zoune of profile adjustment; if only P percent remains, then
Ry = 100/ P.

IV. EXAMPLE PROBLEMS

The following problems are evaluated on the basis of limited available
survey data. They provide examples of the basic steps in applying the pro-
posed method of profile prediction. If these predictions were intended to
support actual design or management decisions, a more careful evaluation of
tield conditions would be required.

X k *x k k k kX kK %X k x k *k x * EXAMPLE PROBLEM 1 * * % % % % % %x % % % % * % %

GIVEN: A contemplated change in the regulation plan controlling the water
supply to Lake Ontario would raise the long-term surface elevation 0.3
neter.

FIND: The effect the higher stages would have at the eastern end of Lake

Ontario.
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ANALYSIS: The barrier beaches and high dunes which characterize this stretch

of shore are of special ecological and scenic value. Situated downwind from

the major storm paths across Lake Ontario these barrier beaches are exposed
to the highest storm waves reported on the Great Lakes, but because of
relatively low land development there are few protective structures along
this reach of the shore. Sand extends lakeward across a series of longshore
bars. There are no known rock outcrops, and there is a close balance
between southward and northward longshore transport.

EVALUATION OF TERMS:

z = 0.3 meter Proposed long—-term increase in lake level.

7.6 meters Average height of the eroding dunes above
mean lake level (from field surveys).

13.4 meters Profile closure depth (from the App.).
Z = 21.0 meters Sum of the two values obtained above.
X = 2,414 meters Average distance of the 13.4-meter depth

contour from shore. The vertical datum
should be the same as the reference level
below which closure depth was measured in
the previous step.

R, =1 All of the material eroded from the upper
beach is expected to remain within the
bounds of the responding profile.

sg 2z
2X(Ra)®8 *  0.3(2,414) 1
X = " = o1 = 34 meters (evaluating the equation)

It is estimated that the higher stages would shift the equilibrium shore
profile an average of 34 meters inland and raise it 0.3 neter above its
present elevation.

* k k k k k k kx x * x x k * * EXAMPLE PROBLEM 2 * % % % % % % % % % % % % % %

GIVEN: Assume a new regulation plan is proposed to modify the inflow to Lake
Michigan and Lake Huron via the St. Marys River. 1f adopted, this plan
would lower the long~term mean surface elevation of Lake Michigan and Lake
Huron by 0.3 meter.

FIND: The effect the lower water levels will have on shore erosion at Indiana
Dunes National Seashore.

ANALYSIS: The dredged channel and navigation structures at Michigan City,
updrift of the Indiana Dunes National Seashore, block some of the potential
sediment input from the east. Westward longshore transport out of the dune
area thus creates a sand deficit and contributes to a long-standing erosion
problem in the park. As lake levels fall, the shoreline withdraws and the

10




beach widens. Assuming lake currents and waves are not altered, they will
tend to reestablish the previous profile shape at a lower and more lakeward
position. Longshore losses to the west continue to exceed the net supply from
the east. However, offshore where the bottom slope is gradual, lowering of
the water surface brings bottom sediments into a shallower hydraulic regime.
This results in landward sediment transport which steepens the nearshore
slope, builds dunes on the widened beach, and feeds the longshore currents
leaving the dune area to the west. The cumulative effect of these adjustments
can be estimated using the equation.

‘ EVALUATION OF TERMS:
! z = -0.3 meter Given (negative indicates a reduction in water
level).

2.9 meters Estimated average height of dunes expected to
form on the widened beach lakeward of the
present foredune.

. 11.1 meters Profile closure (mean of depths at adjacent
a sites 28 and 29 in App.).
Z = 14.0 meters Sum of the two values obtained above.
X = 3,030 meters Average distance of the ll.l-meter contour
from shore, based on field surveys.
Ry =1 Offshore sands are expected to move. unshore,
and the wind is not expected to carry sand

inland past the present foredune.

2X(Ry)°8 % _5.3(3,030) 17}
X = " = ;4 = -65 meters (evaluating the equation)

. It is thus estimated that lowering the lake level 0.3 meter will effectively
shift the equilibrium position 65 wmeters lakeward. As previously mentioned,
a net loss of sand will still prevail due to the predominance of transport
to the west. Therefore, the actual shoreline is not expected to advance 65
meters lakeward. A reasonable interpretation is that there will be a long-
term gain of 65 meters of beach that otherwise would have been lost by
erosion if the water level had not been lowered. Dividing 65 meters by the
average past recession rate would provide an estimate of when the avoided
erosion would otherwise have occurred.

If 15 percent of the offshore sediments were thought to be too tine to
remain in the active shore zone, then the width of shore "saved” should be
reduced to (1 - 0.15) x -65 meters = -55 meters. Note that a liberal
estimate of future dune heights would also make the predicted savings in
beach width wmore conservative.

* k k k k k k k k k k k k k %k k k k k %k k k k k %k k k k k k k %k k k *k k% *x Xk X
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V. LIMITATIONS

The prediction scheme proposed here is based on a physically sound
principle; its application has been shown to produce results in remarkably
good apreement with actual measurements along a 50-kilometer reach of Lake
Michigan's eastern shore. The study area included a wide range of shore types
though sand was always the predominant material, and the range of wave con-
ditions within the study area was narrow relative to its potential range
among other sites of application (Hands, 1980). The model's simplicity
should promote its widespread application. However, this very simplicity wher
contrasted to the actual complexities of nearshore processes, should also
underscore the need for careful consideration of each application. Two brovad
areas of concern are (a) the interpretation of the results, and (b) the
evaluation of the input values used in the prediction equation.

1. TInterpretation of Results.

Recall that the model attempts to evaluate only the profile change induced
by the change in water level. Other factors resulting in shore molification
mav be found in the Shore Protection Manual (U.S. Army, Corps of Ingineers,
Coastal Engineering Research Center, 1977). 1If the other factors are signifi-
cant, the resulting net effect can be combined with the water level induced
change (as in eq. 4 in Hands, 1980).

The key element in the proposed prediction scheme 1is the assumption that
the protile will return to a specific shape after being disturbed by a change
in water level. It is fundamental, therefore, that the reasonableness of this
assumption be fully considered in each application. The proposed model does
not apply, for example, to perched beaches, rocky shores, or beaches overlying
nonerodible substrates that will be exposed during profile adjustment.

To clarify the development of the equation, the initial and final profile
shape has been referred to as the equilibrium profile. However, the known
profile used to evaluate 2 and X need not be in strict equiiibrium so long
as it represents a relatively stable shape to which the profile evolves after
perturbation. It is not necessary for the profile to be stable betore pertur-
bation; e.g., the shore in example problem 2 was continually eroding, both
betore and after the lake level disturbance.

Obviously, seasonal and storm features also affect the profile shape.
This complicates testing the assumption of constant overall shape, but it
should not signiticantly affect the results of applying the discussed
model. Of course, if significant seasonal fluctuations are known, they can be
included with the changes predicted by the equation to provide a more complete
prediction.

2. FEvaluation of Terms.

The actual values used to evaluate t..e equation must be based on an
adequate number of representative measurements and samples taken along the
entire reach of shore for which the prediction is desired. Having carefully
made these determinations, the engineer must then rely on the accuracy of the
closure depth values given in the Appendix. These published valiies are based
on the assumption that the profile closure depth is proportional tH storm wave
heights at the site. The proportionality constant has been estimated using

12




hindcasted, deepwater storm wave data of Resio and Vincent (1976) and actual
profile changes measured in Lake Michigan (Hands, 1980). If the engineer
feeis that the published values seem too deep for a particular site (or per-—
& haps too shallow) but lacks sufficient evidence to justify making a different
i choice, it would be easy and worthwhile to determine what effect the suspected
error would have on the predicted response and on the conclusions that the
prediction would support.

An error in estimating closure will cause errors in both the numerator and
denominator of the equation. In some cases, these two errors may reinforce
each other; in other cases, they may compensate for one another, or they may
1 even cancel and have no effect on the results or conclusions. Which situation
1 exists can be determined readily if, as previously recommended, a number of )
shore—-normal profiles have been obtained, and the following steps are taken.

First identify the point where the typical profile reaches the published
closure depth, then the point where it reaches the alternately contemplated i
closure depth. Draw a line through these two points. If the line extends
¥ below the average height of the erodible backshore deposits, then overesti-
mating closure depth will cause the equation to overpredict the response;
underestimating closure will cause the equation to underpredict the response.
If the line extends above the backshore deposits, overestimating closure will
underpredict response and underestimating will overpredict response. These j
relationships will apply regardless of wnether the response is a retreat or an ‘
advance of the shore. The possibilities are indicated in Figure 2. Inter- i
section of the line with the crest of the backshore deposits means that the \
choice between the two closure depths will have no effect on the calculated
outcome.

i Predicted losses will be too small {f the estimated
* ?NUEQCUTS DUNES closure depth 1s too small.

e e with

3 WATER RISING Predfcted losses will be too Targe 1f the estimated

closure depih 1s too large.

r Predicted gains will be too small {f the estimated
with closure depth is too small,
dl WATER FALLING Pred{cted gains will De too large 1f the estimited
d} closure depth 1s too large.
. 1
EXTENSION OF
4 THE LINE L
b THROUGH
. dl and dz
OVERSHOOTS OUNES Predicted losses will be too Yarge 1f the estimated
fe. with closure depth is too smail.
WATER RISING
Predicted losses will de too small {f the estimated
. L /j\f\ closure depth s too Varge.

closure depth fs too small,

with " Predicted gains will be too large 1f the estimated
WATER FALLING -{

Predicted gains will be too smal) 1f the estimated
closure depth s too large.

Figure 2. Diagram for determining if a suspected error would weaken or
strengthen arguments based on the sediment balance prediction.

A
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VI. CONCLUSION

A method has been presented for predicting one aspect to the long-term
evolution of sandy shores. That aspect concerns displacement of the mean
shore profile in response to long-term changes in water levels. This pre-
diction method worked well in one hindcast instance involving a period of
principally rising water (Hands, 1980). The degree of success found in future
applications should be reported among Great Lakes engineers.
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APPENDIX

ESTIMATED DEPTH OF PROFILE CLOSURE

The height of the fence shown above is proportional to the inferred
closure depths obtained by relating extreme dcepwater wave statistics and the
results of repetitive profiling on the eastern shore of Lake Michigan (Hands,
1980). Depths of profile closure beneath the stillwater surface are tabulated
(in meters) on the following pages.
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) Profile closure depths (in meters) at Lake Superior study sites.

&7 GOULATS RIVER, MI “wé .76 B%.70 11.6

j SITF LOCATTON LATTTUIG,  LONGITHDE  CLOSURE
. DEPIH [TM]
! | PIGEON LAY, nN W7.9% 89.uy 131.1
2 GROND PORIAGE, MN 47.80 89.¢3 12,2
3 FOaRkRQUEAPR KOOk, N 47.60 £9 .83 12.2
4 ERRULE KIVEE, MN 47.60 90.08 12.4
) GRANTY MAaPAlY, HN 47.66 90.20 12.4
é POPLAKR VIVER, MN U47.66 90.49 12,4
7  CARLYON FPFAIL, MN 47.50 90,68 13.0
R  YACONITE HARROR, MN 47.50 90.91 12.6
9  KAPTISH KIVER, MN 47.34 91.11 12.6
10 LITTLE TWO HARKORS, MN 47.20 91,32 12.¢
11 AGATE BAY, N 47.0% v1.52 11.8
2  KNIFE RIVER, MmN 44,90 91.72 11.6
13 DULUTH, Mu 46,75 93,92 12,2
14 RRULE POLNT, UI 46.75 ®1.72 9.2
15  1RON PIVLE, UI 46,90 91.5%1 8.2
16 CRANBEERY RIVER, UI 4¢4.91 91.30 8.8
17 SISKIWIT kAY, Ul 47,.0¢& %91.09 g.o0
18 POINT DETUUR, U] 47.07 %0.83 8.4
| 19 PUCEY 1SLANL, W] 47.08 90.67 8.6
20 MARLLE FOTHT, WI 44,76 90.45 9.7
21 SAYQN HAREOR, W) "y 90.45 8.2
22 MONTREAL PIVER, HI 46,44 90.24 8.R
23 PRESQNE TSLE FIVEF, il ué, B0 0.0 8.6
24 PORCUPINE MOUNTSING, M1 4é. 94 8% .81 10.3
2% PORCUPIMNG mOONTAINS, #l s .9y 89 . ¢1 10.5
26  ONTOHARGON, T 446.94 8% .40 11.1
27  FOURTEEM MILFE PGINT, M 47.0¢% 89.19 16.9
28 FLM RIVER, MI 47.11 88.98 11.3
2% KENKIGEE, Nl 47,0y a8, 77 11,13
: 30 CALUMET, @it 47.36 £8.55 11,1
d 33 EAGLE RIVE), M1 B, n3 68,3y 10.3
32 EAGLE HARROR, HI 47.53 88.14 9.9
33 COPFER MakLQR, M1 47,43 87.91 .5
34 SCHLATIER L&KE, MI 47,53 87.70 2.0
35 MONITOU 1SLARD, M) 47.348 87.49 11.3
36  KEWFENAW FPOINT, MI 47.38 87.70 11.¢
X7 PUINT 1SAEBRLLE, MI Y7, £7.51 11.3
38 TRAVERSE POINT, MI 47.0% 8E. 1y 11.4
39  PEQUARING, M 4é.9% 86, 35, 9.9
40  HURON RTIVEFR POINT, MI 46,95 87.%1 9.2
43 116 LAY, Ml 46,55 87.70 10.1
42  GARLIC POINT, MI 44.€1 87.50 10.3
43 BARQUCTIC, M) 6,66 87.09 10.7
uy NECRTON, M1 46.66 87.08 10.9
. 45 AU TRAIN EAY, MY Hé.bé 86.86 10.7
d U4 GRAND [SLAND, M1 46,66 £86.65 11.1
# 47  GRAND POPTAL. POINT, M) 44,45 Q6. uS 11.3
' 48 AU SARLE POINT, M1 46,79 86,23 11.6
. WY GRAND MARAIS, M) 46,78 86,02 11.6
. S0 SUCKER RIVFR, M1 46,78 f8%5.80 11.4
1 53 PEER PARIL, M) 4o .78 £85.460 11.8
4 52  LITILE LALE HARKOR, MI 44,77 85.39 11.8
53 CRISP POINT, MT 4é6.919 08,18 11.1
sy PARADICE, Ml Wb, 42 8Y4.97 6.3
) %S POINT IROQUOIS, MI Yé. 46 o4.79 .2
54  GROS CAP, HMI 46.61 BY .74 6.3 ]
{
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Profile closure depths (in meters) at Lake Michigan study sites.
1 SIVE LOCAVION LATITUNE  LONGITULE CLOSHUKE
DBEPTH (M)

1 STURNLFON T'AY, MT 45,68 85.32 11.3

' 2  HARKOR SPRING, MI 45.50 8%.32 7.8
3 FISHLEMAN TSLAND, MI 45.37 RS.50 9.0

| L) TRAVERGSE hkAaY, Ml 45.23 85.72 8.6
S TRAVERSE CITY, M] 45,10 86.15 7.8

& MANITOU, MI 44,95 84.1S 8.2

7  PLATIFE LAKF, MI 44,80 86.17 9.7

e FRANKFORTY, Ml 44,66 86.39 10.9

' 9  ARCALIA, M] 44,53 B6.40 10.9
10  ONEKAMF, MI 44,38 86.40 9.0

I 11 MANISTEE, M1 4y .24 86.41 9.5
| 12  RIG SAML.E POINT, MI Y. 09 86.63 9.0
13 LUDINGTON, MI 43.94 86. 64 11.1

14 PENTUATER, MI 43.80 86.66 10.7

15 LITTLE SAKLE FOINT, MI 43.65 84.66 11.3

16  BENONA, MI 43.52 86.67 11.3

17  MONTAGUE, M1 $3.36 B86.4B 12.0

’ 18  MUSKEGON, MI 43.23 £6.50 12.0

19  GRANDE HAVEN, "Ml 43.06 86.32 12.2

20  GRANDE RAPIDS, MI 42.93 86.33 11.8

i 23 HOLLAND, MI 42.78 86.23 11.1
22  DOUGLAS, MI %2.64 86.235 11.3

23 SOUTH HavgN, Ml 42.48 86.36 11.1

24 S SOUTH HAVEN, M1 42,34 86.37 10.9

25  HENTON HARKOR, MI 42.21 86.57 10.5

26 S ST. JOSEPH, MI 42,06 86.58 10.5

27  NEW KUFFALD, MI 41,93 86.78 10.1

28  MICHIGAN CITY, IMD 41.78 86.99 10.9

29  BURNS HAKLOR, IND 41.79 87.18 11.3

30 CHICAGO, TILL 41.80 87.38 10.7

31 CHICAGO SHIP CaNAL, ILL 41.95 87.%6 11.3

2 EVANSTON, ILL %2.10 87.56 11.1

33 HIGHLAND PAkK, JLL 42,26 87.73 10.9

34 UAUKFGAN, TLL 42.40 87.73 8.0

3% KENOSHA, Ul 42.54 87.73 10.9

36 S RACINE, Wl 42,89 87.71 8.2

. 37 N RACINE, WI %2.83 87.70 10.9
38 S MILUAUKEE, Ul 42.97 87.69 10.5

39  MILUAUKEE, WI 43.12 87.68 10.1

80 S PHRT WASHINGTON, WI 43.27 87.68 8.2

41 POKYT UWASHINGTON, W] W3.ug 87.67 7.8

%2 N PORT UASHINGTON, Ul 43.55 87.66 8.0

43 S SHEROYGAN, UI 43,69 87.45 8.4

44 N SHEROYGAN, W’ “3.8% 87.65 9.9

%S MANIITOWOC, Ul 43.98 87.6% B.D

%6  TWO RIVERS, Wl ww.13 87.43 7.8

87  RAULEY POINT, uI w27 87.82 9.5

48  KEWAUNEE, VI (T 87.41 8.0

49  ALGOMA, UI w.56 87.20 7.6

A S0  STURGEON KAY CANAL, Ul w.70 87.20 7.6
S1 JACKSUNPURT, Wl LT 87.10 9.9

. 52  KAILEYS HARKOR, Ul w98 B86.98 9.5

$3 N CANAL. LIGHT, Ul 45,18 86.96 7.6

Sk WASHINGTON 1SLAND, U1 45.27 86.7% 7.1

5% FISHERMAN SHIOAL, WI 5.1 86.73 6.7

¢ %6 ESCaNALA, NI 45,54 86.52 9.9

9?7 POINT AUX LAKQUFS, MI “5,.68 86,30 8.6

S8 N PUINT AUX kKARQUES, MI 45.83 86.29 6.7

, 59 MANISYIOL, Ml 45.83 86.08 8.2
! &0 PORT 1SLAND, M1 4S.81 85.R8 7.8
63 FOINT #A1TERSON, Ml 5.9y RS, 44 5.5

62 MILLE CONUINS REEF, Ml 5.9 S w5 6.6

43 SAULE ST hHAaNIE, Nl 5.93 as 2% S.0

6%  MHEUWOORT LAKE, nl 45.92 85.0v 7.8
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Profile closure depths (in meters) at Lake Huron study sites.

LOCATION

PORT HUROHN, MI

LAKEPORT, M1

LEXINGTON, MY

PORT SANILAC, MI
FORESTVILLE, M1

HELENA, MI

HAREOR EEACH, NI

HURON CITY, M1

PORT CRESCENT, MI
ENTRANCE SAGINAW BAY, MI
TAURS CITY, MY

O&5COL4 AU SARLE, MI
GREFNELUSH, M1
HAaRR ISV ILILE, ™I

ELACK RIVEFR, nmI
OSSTHEKE, MIT

NORTH PGINT, MI
ROCKPORT, NI

STONE PORT, MI

ADAMS POINT, MI

ROGERS CITY, #MI

HARMORD BAY, MI

CORDUWIOD FOTNT, #1

POINT LOLOMITE, MI
DEYOUR REEF, NI

W ENDI DRUMMOND ISLAND, M1
FALSE DETOUR CHANNREL, MI
COCKRURN ISLANL, MI

LATITUDE

B3,p2
u43.16
43.31
U3, 45
4I,59
UW3.,74
L3.88
By .03
Ly, 03
Wiy, 03
bWy,17
Yy, 31
Ly . Y4é
by, &0
Ly, 74
4y, ee
BE, ou
5. 18
L5, 32
u5s.ué
5,44
B5. 41
BY5.75
45,89
us, 89
45.79
LS., 7%
45,75
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Study sites at Lake Erie.

Profile closure depths (in meters) at Lake Erie study sites.

SITE LOCATION LATITULL
1 MONKOE, M k1.67
2 CENAR POINT, OH 41,72
3 LOCUST POINT, OH 41.70
U PORT CLINTON, OH 41.69
S LAKESTIE, OH 41,57
6 HURON, O $y1.42
7 VERMILIOH, OH 41,57
8 LORAIN, OH 41.57
G AVOH POINT, OH 41.%56

10 CLEVELAND, OH 41,56

11 E OF CLEVELANIDY, OH. 41.68

i2 FATRPORT HAREOR, OH 41.88

13 E OF FAIRPORT HAREQOR, OH 41.87

1y GEMNEVa, QH 42.00

15 ASHTARULA, OH L2.00

16 CONMEAUT, OH y2.00

17 GIRALl, PA 42,12

18 ERIE, PA 42,27

19 E OF ERJE, PA 2,27

20 E OF NORTH EAST, PaA 42,41

21 WESTFIELDI, NY u2.413

22 DUWKTRE, NY 42.55

23 ANGOLA, NY }42,6&

24 EUFFALUO, WY 42,823

LONGITUDE CLOSURE

83,27
83.27
83.07
82.90
82.70
82.50
82.30
82.12
81.92
81.73
81.53
81.3%
81.17
80.v8e
80.7¢
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80.17

79.98
79.75
79.57
72.35
79.15
79.94

BEPTH [M1]
6."?

. . . b

PY O O et i F s Gl

'
=

[ diaa B e N~ g % B e

ONANDVDDVODONOXCNNIOLOLNON0 0O

—




{ !
79¢ 78° 17°

20 0 20 40 {mi)
S

50,000

—_—

50,000 100,000 (m)

L~ 44°00

Lake Onlario

, —43°30 13
‘ 3 4 5 6 7 8
2 910 nte

\ 19° T8° 770
1 | 1

| Study sites at Lake Ontario.

Profile closure depths (in meters) at Lake Ontario study sites.

SITE LOCATION LATITUDE LONGITULE CLOSURE
DEPTH ©M]

3 FORT NIAGARA, NY 43.43 79.03 8.0
2 UILSON, HY 43.43 78.83 8.6
3 APPLETON, NY B3, ud 78.63 7.1
L THIRTY MILE POINT, NY 43,45 778.,u6 7.1
] LAKESIDE PAaRK, NY u3.uGs 8.7 7.6
é KENDALL, NY 43.47 78,07 7.8
7 NORTH HAMLIN, NY 3. 47 7T.87 8.2
8 WEST ROCHESTER, NY 43.46 77,65 7.6
9 EAST ROCHESTEFR, NY 43,37 77.u7 ?.0
10 PULTHEYWVILLE, WY, 43,27 77.29 9.2
11 SoOnus, Ny 43,38 .07 2.6
12 WOLCOTT, NY 43,38 76,87 ?.5
i3 FATREHAVEN, NY 43.48 76,68 12.2
' 1y OCUEGD, NY 43.63 76.50 11.8
15 LACINA, NY 43.63 74H,208 12.2
16 RELLEVILLE, NY 43,77 76.28 13.4

17 GALLOQ JISLAND, NY 43,91 76.50 10.1
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