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ABSTRACT

The network of lake-leve! gauges in place for Lake Winnipeg; Lake
Winnipegosis, Lake Manitoba, and Lake of the Woods presents an
opporfunity to study the contemporary pattern of postgliacial rebound
in a North American continental-interior region. We used a regional

" trend-surface model based on mean winter-season differences of lake
tevel between pairs of ganges to extract the postglacial rebound signa-
ture recorded in the lake-gauge data, The results from a best-fitting

' planar maodel indicate that tilting is up to the northeast with a bearing
0f N(42.7 £ 11.8)°E and a rate of (10,7 2.2} x 10~° rad* yr. In spite of
the fact that both the ICE-3G and ICE-4G load models are derived
from the inversion of relative sea-level histories obtained from marine
coastal sites, the pattern of rebound that we computed from these two

_ ice models for this continental-interior region agrees reasonably well

with the pattern derived from the lake-pauge data. Rates computed
from an ICE-3G load are in close agreement with those computed
from the Jake gauges, whereas rates derived from ICE-4G are 50% too
slow. When the planar pattern of postglacial rebound derived frem the

Iake gauges in southern Manitoba and Lake of the Woods is linked to

the lake-gange—derived pattern of rebound over the Great Lakes

region, the two-region pattern suggests influential source regions of

rebound that include southern and southwestern Hudson Bay as well
as more local sources in western Onfario. It is possible that the spatial
arrangement of ice domes predicted in the multidomed palectopog-
raphy of ICE-4G couid explain the two-region pattern of rebound if
‘more ice were added to Ontarie in the model, or if Earth structure
assumptions could be modified, or both.

As postglacial tilting continues to shift the region’s lakes to the south-
west, there is an increased risk of flooding and wave erosien along the
south shores over the long term. In addition, postglacial tilting deforms
the datums to which the lake-level gauges arc referenced. Thus, where
and how the levels of these Iakes are measured is an important opera-
tional issue. These factors present challenges to water-resource man-
agers who are responsible for monitoring the levels and controlling the
outflows of these lakes.
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INTRODUCTION

Observations of vertical surface motions induced by glacial loading can
be used to model glacialloading history, constrain upper-mantle viscosity
and lithosphere thickness, and predict future land-surface tilting that can
deflect the water bodies of large Iakes and the courses of rivers. Many geo-
dynamic studies have relied on elevations of raised marine shorelines and
tide panges as a measurement of load-induced vertical motion for the North
American interior. Although significant work has been done in the Great
Lakes region (Clark and Persoage, 1970; Coordinating Committee, 1977;
Hansel et al., 1985; Larsen, 1985, 1987, 1994; Tushingharn, 1992; Clark
et al., 1994; Lee and Southaim, 1994) and for the tilted shorelines of former
Lake Agassiz in Manitoba (Upham, 1895; Johnston, 1946; Teller and
Thorleifson, 1933), refatively few observational constraints come from the
North American continental interior. An opportunity to remedy that situa-
fion exists in southem Manitoba.

Tackman et al. {1998} extended the postglacial tilting history of the
region from the time of Lake Agassiz (about 9000 C yrB.P.) through to
this milienmum by using the tilted paleoshorelines of Lakes Winnipegosis
and Dauphin (Fig. 1). In this paper, we extend that work through to the
present by using a regional trend-surface model to extract the postglacial
rebound signature from the lake-gaupe records of the region’s large lakes.
Specifically, we present a reconstruction of the historic spatial pattern of
postglacial rebound for the continental-interior region of southern Manitoba
and western Ontario using the lake ganges from Lake Winnipeg, Lake
Winnipegosis, Lake Manitoba, and Lake of the Woods. We also compare
the lake-gauge results to the regional pattern of defermatien that we com-
puted from ICE-3G and ICE-4G Joading histories and extend our rate con-
tours to the lake-gange—derived pattern over the Great Lakes computed by
Clark and Persoage (1970). Finally, we include a discussion of the effects
that postglacial rebound has had in the past, and is likely to have in the
future, on the levels of the region’s large lakes. This discussion should be of
interest to water managers, planners, engineers, and other decision makers
interested in regional lake-level management issues.

VERTICAL CRUSTAL MOTION RECORDED BY LAKE GAUGES

The dominant signature recorded in each lake-gauge record is the change in
hydrelogic regime between wet and dry seasons and wetter or dryer years or
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decades (Fig. 2). Most of that signature is shared by ail gauges on a piven lake.
Taking the simpie difference of two gauge records on the same lake (a proce-
dure termed differencing) removes most of that hydrologic-regime signature
(also referred to as lake signature in this paper) and reveals a secular trend that,
in this region, we attribute to postglacial rebound. This secular trend repre-
sents the relative, or differential, vertical motion between two gauges, The sec-
ular trend does not represent absolute vertical motion relative to some stable
reference. Absolute vertical motion cannot be measured directly from lake
gauges ar tilted paleoshorelines. However, the differential vertical motion
measured by the apparent change in lake level between two gauges is due to,
and is a direct measure of, the deformation of the datum to which the lake
gauges are referenced. Furthermore, if it is known that the reference datum is
a good approximation to the geoid, then the differential vertical motion can
also be interpreted as the separation between surface topography and the
deforming geoid. In other regions of the world, this differential vertical
motion can be due to other processes, such as subduction-zone deformation.
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With these ideas as background, consider the expected hydrographic
and gecdynamic responses for Lake Winnipeg, Lake Manitoba, and Lake
of the Woods. All three takes have positive water budgets and are con-
trolled at their northern cutlets by dams. If lake level is held constant rela-
tive to a mark cn the dam, then postglacial tilting up to the northeast will
shift the water bodies of these lakes to the southwest, and the datums to
which the gauges are referenced will be tilted down to the southwest. For
each lake, gauges that are located south or west of the tilt contour that
passes through the outlet will record an apparent increase in lake level
relative to the deformed datum. Gauges located north or east of the tilt
contour that passes through the outlet will record an apparent decrease in
lake level relative to the deformed datum. ELake level at the dam will
appear to remain at a constant elevation relative to the deformed datum,
Censequently, the difference between any pair of gauge records in which
the baseline between the pair is not oriented parallel, or nearly parallel, to
the tilt contours should show a secular trend that represents the differential

1685




TACKMANET AL.

219 255
— Lake Winnipeg - : b Lake Winnipegosis ~
E 218 |- 4 Ease b .
= - — = - -
.8 - . = - ]
= - - = L -
B 217 - 8253 =
il [ ] o ™ R
216 vl owentea sl vangdvzgedsesd] 252 _'l-z”]_;)|1I'1|sx!Ag-|||!|[||§|r||

Figure 2. Annual mean lake-
level histories.
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vertical motion between the pair of ganges, as long as each gauge s refer-
enced to the same datum for its entire length of record.

'DATA

The network of lake gauges for Lake Winnipeg, Lake Winnipegosis,
Lake Manitoba, and Lake of the Woods (Fig. 1) is in place to monitor the

levels and help manage the outflows of these lakes. The Water Survey of
Canada is responsible for the data collection and monitoring of the levels of
these lakes. The data are distributed on compact disk (CD) under the com-

mercial name HYDAT by EarthInfo, Inc. We used HYDAT version 4.95,

1910 1925 1940 1955 1970 1985 2009

which includes daily average lake levels, river discharges, and some river
sediment data for all of Canada for various periods of record through 1995.
We also acquired hourly lake levels for the three Manttoba lakes for the
years 1993 and 1994 directly from the Water Survey of Canada in Win-
nipeg to evaluate the effect that short-term lake fluctuations might have on
the long-term rebound signature. Bench-mark and datum histories were
also acquired to verify that each gauge isreferenced to the same datum for
its entire period of record and to assess bench-mark integrity. The Water
Survey of Canada and Manitoba Hydro supplied the bench-mark and
datom histories for the three Manitoba lakes. The Lake of the Woods
bench-mark and datum histories were acquired through the Lake of the

TABLE 1. BASIC STATISTICS FOR THE GAUGE STATIONS CONSIDERED IN THIS STUDY

Station name Three-letter North Lat West Long Length of Ungertainty Mean Datum™
code record {mm} (m}
Lake Winnipeg (regliaied since 1975)
Winnipeg Beach Wiy 50°3022 96°5765" 19131966 60~10C 217.387 GDs
Gimli Gim 50737750 96°58°58” 19661995 35 217.816 LWD {1986)
Victoria Beach Vic 50°42°30" 96°34"10” 19591995 3-5 217.599 LWD (1986)
Pine Dock Pin 51°38'30” 96°47°45" 1958-1995 15-30 217.549 LWD (1986)
Berens River : Ber 5272120" 97°00"15” 19141995, 15-30 217.431 LWD (19886)
Mission Point Mis 53"1100" 99°13°30” 19531995 15-30 217630 LWD (19886)
Mantreal Point Mon 53°37'30" 97°50°40” 1969-1995 ? 217.602 LWD (18886}
Lake Manitoba (eﬁ’ecnve!y reguiafed since 1963} ’
Delta Beach Bel 50°11715" 98°18°00" 19141969 ? 247.488 GDS
Westbourne Wes 50°1515™ 98°34°50" 1964-1995 15-30 247452 GDS (1935)
The Narrows Nar 51°04°50” 98°46°50™ 1858-1995 15-30 247.462 GDS (1964)
Steep Rock Stp 51°26°26” 98°48"13~ 19231995 3-5 247.514 GDS (1964)
Meadow Portage Mea 51°3715” 99°34°30" 18521968 7 247.568 GDS
Toutes Aldes Tou 51°31718" 99°3223~ 1969-1993 60-100 247.380 GDS {1928)
Lake Winnipegosis funreguiated)
Winnipegosis Wgs 51°38/45" 99°55'07" 19131995 3-5 253.091 GDS (1929}
Cawson Bay Daw 52°58"30" 100°58730" 19621993 15-30 252.939 GDS {1962}
L ake of the Waods {raguiated since 1898 at the Norman Dam)
Warroad War 48°54°20” 95"19'00” 1916-1993 3-5 322.885 LoWD
Hanson Bay Han 49°07°34” 9471716 1962-1995 15-30 322.841 LoWD
Clearwater Bay Cir 49°43°06” 94°48720" 19631995 35 322.804 LoWD
Keewatin Kee 49°45'50” 94°3315” 19131995 15-30 322.811 LoWD

"LWE (1986) = Lake Winnipeg datum, which is BM78M079, GSD (1960), at Berens River. LoWD = Lake of the Woods datum, which is
the same as U.S. Coast & Geadetic Survey datum (1912). GDS (year) = Geodetic Survey of Canada datum and the year the bench mark

was tied to the datum.
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Woods Secretariat, Ottawa, Ontario. A summary of the lake-gauge stations 254 0
considered for this research is presented in Table 1.

Lake Winnipegosis
Winnipegosis

Potential Noise Sources ]

. 2530 -

At the shortest fime scales of interest (hours o days), the water Ievel In

these lakes fluctuates in response to atmospheric distarbances such as wind, - .
air-pressure differences, and high-rainfall events. This pattern is especially o500 il Jpaerbeig s baeg vl
true during the ice-free months when wind sefup, seiching, and cobasin .0 . 120 240 360 480 500 720
oscillations are cornmon on these lakes (Figs. 3 and 4). The pattern of pro-
nounced oscillation typically persisis from about late April, when thawing
begins to expose the surfaces of these lakes, to late November, when the
lake surfaces become frozen again. To minimize these short-term effects,
we used a four-month winter-season average (December through March)
when these lake surfaces are considerably calmer under the cover of about
1 m of ice (Fig. 4). This choice of measuring period is contrary to the nor-
mal practice in which the ice-free season is considered the quiet time and 2
four-month summer-season average {June through September) is used. For
example, most investigations of Great Lakes gauges (e.g., Clark and
Persoage, 1970; Coordinating Committee, 1977; Tait and Bolduc, 1985, 0 120 240 360 430 600 720
Tushingham, 1992) have used a four-month summer-season mean to mini-
mize the effects of gales, ice, and spring mnoff (Tait and Bolduc, 1985). The 218.0
advantages of using the calimer winter-season lake-level data for the four lakes

“analyzed in this study are (1) the variance of 2 four-month winter-season
average is one-third less than that of a summer-season average; (2) after dif-
ferencing all possible (i.¢., 28) pairs of gauges, six of the summer-season
time series of differences still contained some lake signature—as measured

by correlations with lake level that were in excess of 0.50-—whereas none : M[ission "
of the winter-season time-series of differences had correlations in excess of 270 Wliibes i bisa gyl
0.50; and (3) the reduced variance and Jack of residual lake signature in the 0. 120 240 380 480 600 720
winter-season averages produced better model fits as measured by higher Hours from 00:00 CDT. 1-Oct-1993
coefficients of determination (%) and lower standard errors. ) i

The effects of regulation are also present in the data. This finding s most

apparent when comparing the unregulated lake-level history of Lake Win-
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and Winnipeg (Fig. 2). Before 1963, the level of Lake Manitoba was not
actively managed, and its record compares well with that of Lake Win-
nipegosis {r = 0.91; p < 0.05; n = 50). Since 1963, when the small check
dam at the Fairford River outlet was improved, Lake Manitoba water level
has been actively managed, and, as a result, the Lake Manitoba pattern is no
longer sirnilar to that of .ake Winnipegosis. Instead, the [ake-surface eleva-
tion is stabilized at about 247 .5 m (812 ft), whereas Lake Winnipegosis con-
tinues to fluctuate freely in response to climate variability. Prior to 1976,
Lake Winnipeg was not directly regulated, although after 1965, flow from
the Saskatchewan River (about 33% of total river input) into the north basin
. of Lake Winnipeg was regulated, and flow from the Winnipeg River (about
38% of total river input) into the south basin of Lake Winnipeg has been
. regulated since 1892 at Lake of the Woods. Lake Winnipeg’s pre-1976
record compares reascnably well with that of Lake Winmipegosis (= 0.61;
£ <0.05; n==63). Since 1976, the level of Lake Winnipeg has been actively
managed to maintain an elevation of 216.7-217.9 m (711715 fi) by con-
troliing cutflow at the Jenpeg dam (Fig,. 1) in accordance with the Manitoba
Hydro water-power license. .
Another potential source of noise is dynamic response to river input for
_those gauges lacated near the mouths of rivers. A simple correlation analy-
sis of the residuals obtained from the linear regression of winter-season
gauge-pair differences with winter-season river input revealed that no cor-
relations exist with an absolute value greater than 0.20. Because river input
correlates highly with lake level, it is removed along with the lake signature
when taking the difference of the gauge pairs.

Lake-basin constrictions and other geometries that affect circulation
might also produce unwanted short-term effects. Such effects may have
occurred in the early 1980s when the causeway between the mainland and
Hecla Island in the south basin of Lake Winnipeg was constructed. The
causeway may have affected circulation through the already restricted area
of the Hecla-Black Island channels (Fig. 1), which in tumn could have
affected water levels in the south basin. An abrupt excursion of about
40--55 mm is present for the early 1980s in the time series of gauge-pair dif-
ferences between the south and north basins (presented later). Another
explanation for this excursion might be humean error. The magnitude of the
excursion Is similar to the usual 43 mm adjustment required to convert most
Lake Winnipeg gauges to the Lake Winnipeg datum. However, the Water
Survey of Canada is not aware of any erroneous adjustments (Jim Way,
1996, personal commun. ), and none could be found in a cross-check of the

.published book values with the HYDAT database. Other potential error
sources include individnal gauge-site characteristics such as maintenance
history, site reconfigurations, and bench-mark stability, all of which are dif-
ficult to correct without detailed knowledge of each gauge’s history.

Lake Winnipeg Gauges

Eight pauges are eurrently monitored on Lake Winnipeg by the Water
Survey of Canada (Fig. 1). Three other discontinued gauges (Anama Bay,
Sans Souci, and Traverse Bay) were not considered because of their
exiremely short records. The current gauges are referenced to the Lake

Winnipeg datum that was implemented in 1986. The Lake Winnipeg datum

-master reference point is the 1960 Geodetic Survey of Canada bench mark
T8MO79 at Berens River.

Of these zight gauges, five were suitable for analysis without any adjust-
ments, and a sixth (Victoria Beach) required an adjustment. The George
Isiand gauge was not used because its 12 yr recording history (through
1995) is too short for this type of analysis. Only gauges with at teast 25 yr
histories, and preferably more than 40 yr (Coordinating Comunittee, 1977),
were included for analysis. This requirement allows the slew process of
postglacial rebound enough time to accumulate a statistically significant
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signature into the gauge records. The Matheson Island gauge was also
rejected because it was relocated from Matheson Island to the mainland in
1962 and has been operated on only a seasonal basis since 1979. This is not
a significant loss because the analysis includes the more complete record of
the nearby (12 km south} Pine Dock gange, which has been operated on a
continuous basis since 1959. Two entries in the Victoria Beach bench-mark
history state that bench mark 703-C was damaged in 1961, In October 1970,

~ the 1960 Geodetic Survey of Canada datum at Victoria Beach was adjusted

up by 91.4 mm from the 1962 level. However, the time series of any pair of
pauges invelving a difference with Victoria Beach exhibited a pronounced
offset of about 38 mm for the time interval 1961-1969 relative to the
1970--1995 linear trend kine. We attribute this offset to the damaged bench
mark. On this basis, we adjusted the differenced time series of VicPin,
VicBer, and VicMis (we are using the three-letter gange notation introduced
in Fig. 1, e.g., VicPin means the Victoria Beach time series minus the Pine
Dock time series) down by 38 mm for the years 1961 through 1969. The
GimVic pair was excluded from the analysis because of its short baseline
length (30 km). Finally, the gauge at Winnipeg Beach was discontinued in
July 1966 and replaced by a gauge at Gimli in August 1966. Winnipeg
Beach data were retained and combined with the Gimli record to create an
83 yr history. Although there is no overlap period from which to positively
Fink the two records, the Water Strvey of Canada converted the Gimli gauge
to the Lake Winnipeg datum by subtracting 43 mm. We applied the same

- 43 mun subtraction to the Winnipeg Beach part of the record in order to align

it with Gimli. The combined history vields an 82 yrrecord when compared
with the similarly long record at Berens River.

Lake Manitoba Gauges

Six gauges are available on Lake Manitoba (Fig. 1}. All gauges aretefer-
enced to the Geodetic Sui'vey_of Canada Datumn that is adjusted locally at
irregular intervals. A cross-check of the published fake levels with those of
the HIYDAT database confirmed that all adjustments indicated in the bench-
mark histories were performed and that each gauge is referenced to the
same datum for its entire period of record. The Narrows gauge has a volatile.
19601966 record that might be related to construction of a causeway in the
early 1960s to support Manitoba Hydro power-line towers. Later, in 1966,
the causeway was extended to support the highway bridge across The
Narrows. As a result of these two projects, the width of The Narrows was
reduced by about 75% (Jim Way, 1993, personal commun.). We do not
consider the 1960—1966 data at The Narrows an accurate measure of lake
level and exclude those years from the analysis. The Delta Beach gauge was
discontinued in 1960 and replaced by the Westbourne gauge, for which data
collection began in 1964. The 5 yr overlap showed that the two gauges could
be joined to form an 81 yr history that when differenced with the Steep
Rock gauge yielded a 72 yr time series. The Meadow Portage gauge was
relocated 16 km south to Toutes Aides in 1969, These two gauges were
combined to obtain 2 41 yr history. No adjustments were.required. The
Toutes Aides gauge was discontinued by the Water Survey of Canada in

1994, leaving the entire northwestern area of Lake Manitoba ungauged.

Lake Winnipegosis Gauges

Three gauges are available on Lake Winnipegosis. The discontinued gauge
near Meadow Portage has an extremely spotty record. It was maintained ona
seasonal basis with readings taken only once or twice per week, mainly dur-
ing the summer months, and thus is not suitable for analysis. The Wirnipego-
sis and Dawson Bay gauges both have good records and are referenced to the
locally adjusted Gendetic Survey of Canada Datun. The crosscheck of pub-
lished book vatues with those of the HYDAT database confirmed that all ad-
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justments in the bench-mark histories had been performed and that each
gauge is referenced to the same datum for its entire period of record. The
Dawson Bay gauge was discontinued by the Water Survey of Canada in 1994,
leaving the Winnipegosis gauge as the single point from where the level of
Lake Winnipegosis is measured. The differenced time series of the north-~
northwest—oriented WesDaw gauge pair represents the highest rate of differ-
ential rebound (4.5 mm-yr ') between any pair of gauges examined in this
study (Fig. 5). This rate is consistent with the uptilt direction’s being more due
north and with greater tilts observed for its paleoshorelines as reported in
Tackman et al. (1998). Taken together, both the shoreline and lake-gauge data
indicate that tilting in the Lake Winnipegosis basin is directed along a radius
closer to due north and greater in magnitude than that of its immediate neigh-

- bors, Whether this is simply a local anomaly oris a change in rebound pattern
at the regional scale is uncertain. Continvation of long-term recording at
Dawson Bay would be most useful in this regard.

Lake of the Woods Gauges

Seven pauge stations are available for Lake of the Woods. The Warroad
and Springsteel Point gauges arc under control of the U.S. Geological
Survey, whereas the other five are maintained and monitored by the Water
Survey of Canada. All gauges are referenced to the Lake of the Woods
Datum, which is the same as the U.S. Coast and Geodetic Survey Datum of
1912. The Springsteel Point and Cyclone Island gauges were both installed
in the early 1980s and are not nsed because of their short records. The
Keewatin and Kenora gauges are separated by a distance of only 4.5 km.
Kenora has a record back to 1915 but was discontinued in 1959. Keewatin
has a record from 1913 to the present. Both have essentially the same azi-
mueth with the other gauges, and linear regression of the pairwise differ-
enced series between either Keewatin or Kenora and the Warroad gauge
(the only other gange that overlaps in time with Kenora) showed they both
have similar relative vertical-motion rates of about I mm*yr~ To avoid
redundancy, the longer record of the Keewatin gauge was retained for analy-
sis over the discontinued Kenora gauge. The ClrKee pair is also excluded
froim the analysis becanse of a short baseline length (20 k).

In 1978 the relationship between the Warroad gauge and the others
changed. In the first few months of the year, the Warroad gauge was track-
“ing with the Clearwater and Hanson Bay gauges under the cover of ice.
After the volatile summer season, associated with seiching and wind setup,
the Warroad gauge remained at an elevation of 322.893 m for six consecu-
tive days (Nov 21-26), while the other gauges continued to record the nor-
mal seasonal decline in lake tevel. This resulted in an apparent offset of
33 mm that has persisted through to the present. Clearly, the gauge needs to
Ee adjusted. Both Canadian and U.S. officials are aware of the problem but

d

o not know the cause.

At first it is tempting to simply apply a 33 mm correction. However,
examination of the December daily averages for the 3 yr prior to 1978 and
for the succeeding 3 yr shows that the differences between Warroad and the
other gauges vary from year to year. For the years 1975 through 1977,
Warroad had December daily average levels that were 28.4, 10.7, and
7.2 mm higher than the nearest gange at Hanson Bay. These values suggest
a correction of less than 33 mm. For December 1978, Warroad was 45.3 mm
higher than Hanson Bay, and for the years 1979 through 1981, the Warroad
December daily average remained consistently higher than the pre-1978
levels (38.3, 37.4, and 46.0 mm) relative to Hanson Bay. During the six days
in question, Hanson Bay fell 28 mm while the two more distant gauges in
the north at Clearwater Bay and Keewatin fell 43 and 43 mm, respectively.
This pattern suggests that the correction should be closer to 28 mm. Ac-
cordingly, we reduced all clevations at the Warroad gauge by 28 mm from
November 27, 1978, forward.
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Figure 5. Time series of mean winter-season differences for the
Winnipegosis and Dawson Bay pair (WgsDaw) of gauges on Lake
Winnipegosis.

COMPUTATIONAL METHODS
Trend-Surface Model

We assume that the lake-surface elevation at each gauge can be separated
into three components: a lake signature (£, ) that is common to all gauges on
a particular lake, a postglacial rebound signature that is unique to each
gauge and varies slowly over space and time, and random noise. The gen-
eral mathematical form of the model is :

HAx, Ay, A=A+ L (Al + F (Ax,, Ap)y*At+ g (Ad), (1

where z is the lake-surface elevation measured at gauge i at time At, Ax, and
Ay, are the relative Cartesian coordinates of gauge i (UTM zone 14 easting
and northing are used in this analysis), A is the local fixed elevation bias at
gange i, L, is the lake signature common (to a first order) to.all gauges on
lake k, and the subscript { is the random noise at gauge 7. £, is the assurmed
spatial form of the regional rebound signature, and for this analysis, both
linear and gquadratic forms are explored. Although more complex mathe-’
matical forms could be used, such as a cubic or spatial harmenic series, the
noise level inherent in the lake-gauge data does not justify the assumption
that detailed spatial patterns can be extracted. The linear and quadratic
forms meet the objectives of capturing the dominant trend and proved to be
less mfluenced by edge effects in the mapped patterns (presented later) than
were the more complex mathematical forms.

F| depends explicitly on the gauge location relative to a central, but arbi-
trary, reference point

Ax,=x,—xg, {2)
Ay, =V~ Vo

where x; and y, are the Cartesian coordinates for gauge 7, x, and y, are coor-
dinates for the central reference point that are taken as the spatial mezn com-
puied from the gauge station focations (UTM coordinates x, = 601 247 m
east and y; = 5669 621 m north). Similarly, time is also referenced to a cen-
trally situated, but arbitrary, epoch

At=1-1950.0, 3
which approximates the midpoint of the data and is conveniently the epoch
of the MC time scale.

The explicit forms of the linear and quadratic components, respec-
tively, of Fare
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F (A, Ap) = 5% (Ax)) + 51* (8y) @)
Fy(Ax, Ap) = SLA(Ax )2+ SLF(Ar) * (by) + 5L H Ay,

where S, 5,5, n, and S are the rebound-related parameters that must be
stunated and mtcrpreted
A model in which the time dependencc includes both linear and quadratic
terms was also explored:

Z(Ax":Ay;aAtm}ZAI+Lk(Atm)‘+ (5)
Fi{Ax, Ay)*Ar, + Fi(Ax, Ap)* (A, YrelAr),

where the functions F; and F, have the same functienal form (i.e., either
both linear or both quadratic). The quadratic time term allows us to test for
variable rates of rebound. We presume that the steady, or time-linear, part of
the rebound signature is postglacial rebound, whereas any change in re-
bound rate is more likely due to other influences; one likely source would
be variation in the lake loads themselves.

Before proceeding, it is convenient to introduce a notational scheme to
refer concisely to the different variations of the model. A two-letter desig-
nation consisting of L. for linear and ) for quadratic suffices, The first letter
refers to the space order and the second to the time order. For example, an
LQ designation refers to a model that is linear in space and quadrafic in
time. A QL designation refers to a model that is quadratic.in space and linear
in time, ete. To further simplify notation, the relative site location is repre-
sented by a vector P

=(Ax,,Ap). ©

" Forming a difference (Az) between all combinations of gauge pairs on &
lake, for each At, will remove most of the common lake signature, L, , and
reveal the trend in the changing water Tevel between pairs of gauges that we
attribute to postglacial rebound.

AZ(B,B,AL)=2(B, AL )~ (B,AL,) 7
—Ad+AF, ®, I;)*Atm+AF2(P,.,I;.)*(Atm)2.

The mean winter-season differences are actually computed directly from
the difference of daily averages for the months of December (of the previous
year), January, February, and March. Daily averages for all pairwise com-
binations on each lake were extracted from the HYDAT database, differ-
enced, and averaged according fo

4 days !
Ziij =% %(Z-Iab - Z2ab) > @)

where g = number of valid-day pairs for the season (number of overlap
days), a=month number (December of previous year= 1, January = 2, Feb-
ruary = 3, and Mairch = 4}, & = number of days in month a, the subscript 7
indicates the year, the subscript i = the first gauge, and the subscript /= the
second gange.

Equation 3 has the advantage of constructing a mean difference for each
season—in this case, the winter season—-based on the exact time intersec-
tion of gauge pairs. If data are absent for one or both days, a daily difference
is not formed. Thus, equation 8 addresses the issue of time intersection—
allowing the formation of mean winter-season differences when data are
nssing. This approach has an advantage over the usual practice of forming
- a difference from winter-season mean values. In that method, monthiy
means are formed from daily means, and winter-season means are formed
from monthly means. Then, the winter-season difference is formed by sub-
tracting winter-season means of pairs of gauges. If the requirement for no
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missing days is relaxed, as it is for this analysis, differencing winter-season
mean lake levels could resuis in differences between gauge pairs that donot
exactly intersect in time. For example, if 10 missing days are allowed and
the first 10 days of gauge 1 are missing and the last 10 days of pauge 2 are

' miissing, a difference between winter-season means is actually a difference

between the mean of the last 311 days (assuming 121 days in a winter season)
of the first gauge and the mean of the first 111 days of the second gauge. If
lake elevation is significantly different between the beginning and end of the
winter season, unnecessary error can be introduced. Use of equation 8

" puarantees time intersection and, in this example, would form a winter-

season mean based on the middle 101 common days.

For the present analysis, we have adopted a minimum standard of 10
days of overlapped record for each of at least three of the four months
before a winter-season mean difference can be formed. This apparently
permissive standard is not possible for the summer-season data, which are

_ noisier. The standard is based on a statistical analysis whereby days were

randomly deleted from scasons with no missing days and pairwise single-
season mean differences were formed according to equation 8. Fifty runs
for each gange pair for each year on the three Manitoba lakes were ana-
lyzed. The threshold for determining the maximum allowable number of
missing days is that the mean difference formed with missing days had fo
be within 20 mm of the mean difference formed with no missing days. The
20 mm constraint represents a reasonable uncertainty estimate of the over-
all gauge measurement accuracy according to Table 1. It was found that
90% of the mean winter-season differences formed at this minimum
standard were within the prescribed 20 mm of the mean winter-season dif-
ference formed with no missing days.

After forming the time series of mean winter-season dlfferences between
all gauge pairs, the lincar-regression line for each series was computed, and
the residuals relative to the regression line were examined for influential

-outliers and any remaining corretation with lake level or river input. This is

an important step in the analysis because we interpret the slope of the linear-
regression line through the time series of these mean winter-season differ-
ences as the differential rate of crustal motion between the gauge pairs. As
previcusly mentioned, no significant conrzlation was found between any of
the residual time series and river input; however, the residual time series
from six gauge pairs still corelated with lake level. On Lake Manitoba, the
residual time series from the gange pairs DelStp, WesNar, and WesTou had
correlations of ~0.44, -0.37, and --0.40, respectively, and on Lake of the
Woods, the pairs WarClr, HanKee, and ClrKee had correlations of 0.45,
.48, and 0.48, respectively. To remove the remaining lake signature, an-
other linear-regression line was computed for each of these six gauge pairs
by using the residuals from the previous regression as the dependent vari-
able and lake level as the independent variable. Then, the predicted residual,
representing the remaining correlation with lake level, was subtracted from
the mean winter-season difference. This correction reduced the stope of the
linear-regression line through the time series of mean winter-season differ-
ences for DefStp from 1.037 to 1.002 mm-yr~! but did not affect the slopes
of the other five gauge pairs. Removal of the remaining lake signature for
these gauge pairs improved r2 values by 5%—10% and reduced standard
errors of the slope by 10%-15%. After the correction, none of the residual
time series had an absolute correlation value greater than 0.20 with either
fake level or local river input.

Next, influential outhiers were eliminated, which were defined as those
residuals with an absolute standardized value greater than 2.0 and an abso-
lute DFBETAS value preater than 2/+/n, according to a rule given by Neter
etal. (1990). DFBETAS is a measure of the influence that a single data point
has on each of the regression coefficients (Neter et al., 1990). Thus, outliers
are those residuals that are at a significant vertical distance from the regres-

~ sion line and at a location (usually near the ends of the time axis} where they
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disproportionately influence the stope. Qut of ~1000 data points, 33 mffu-
ential outliers were eliminated.
Next, the rebound-related parameters—sS,, S5, S, -

solved for. In the time-linear models, the slope 01’2 the regression line (the dif-
fezential rate of motion between gange pairs), fit to each time series of pair-
wise differences computed according to equation 8, is equated to the time
derivative of the constant and the time-linear term [A4 + AF, |(P,P) *AL ]
from the right side of equation 7

S, 5 and §,—can he

ddz slope of lincar-regfcssion line =AF (

P P)
dAt

5 ARCN
Int the time-quadratic models, the time derivative of a quadratic trend fit
{By + b, At + b,Ar?) to each series of differences computed from equation 8
is equated o the time derivative of the entire right side of equation 7:

&~b+2*b At =
dA

aF(B.B) +2* AR (BB ) AL 9b)

A4 is conveniently eliminated when computing the derivatives of equa-
tion 7 because it is a constant. Then, a least-squares solution is computed for
the rebound-related parameters by forming a vector of rates (dAz/dAs) from
the left side of equation 9 and a corresponding matrix of spatial differences
from the right side of equation 9.

Having solved for the rebound-related parameters in AF, and AFz, the spa-
tial pattern of differential rebound can be recovered by d:ﬂ‘erentmtmg equa-
tion 1 or 5 with respect to time. The time derivative of equation 1 'is simply

dz{B.
~-%(,ﬁ) =-K(®), (10)
and that for equation 5 is
dz| B, Az,
'—% = -F(B)-2*R(R.AL)*(ar,),

where the negative sign reflects the fact that an apparent rise in lake level is

actually a decrease in the elevation of the tand surface to which the gauge is
rigidly attached. :

Computation of Rebound Rates From 1CE-3G and
ICE-4G Maodel Loads

1CE-3G (Tushingham and Peltier, 1991) and ICE-4G (Peltier, 1994) are
globat models that describe the thickness and extent of ice sheets from the
last glacial maximum (LGM) at ca. 18 000 “C yr B.P. to the present. The
ice models are used as input to a surface-loading caleulation o determine

crustal displacement, change to the Earth’s gravitational potential, and sea-
level change, assuming an Earth model with a viscous, or more commonly
Maxwell viscoelastic, mantle. Constraints on Earth rheology (i.e., mantle
viscosity and lithosphere thickness) are determined primarily through com-
parison with observed relative sea-level changes.

The surface-loading calculations performed here feature a spherically
symmefric Earth mode] with fluid outer core and compressible Maxwell
viscoelastic mantle and elastic lithosphere. The surface response, composed
of a spectrum of decay times and associated aroplitudes, or residues, is found
by using the normal mode methed (Peltier, 1985). The Maxwell viscoelastic
Earth mode] has a lower-mantle (below 670 km depth) viscosity of 2 x 107!
Pas, upper-mantle viscosity of 102! Pa's, and a 120-km-thick lithosphere,
consistent with ICE-3G (Tushingham and Peltier, 1991). Density and elastic
parameters vary according to the 10668 seismic Earth model of Gilbert and
Dziewonski (1975). Surface displacements and changes to the gravitational
potential, from which Take tilt rates can be determined, were calculated by
using the methods described by James and Tvins (1998).

The ICE-3G tilt rates were directly calculated by using the ice history
provided by Tushingham and Peltier {[992). The calculations assume initial
isostatic equilibrium at 18 000 “C yr B.P. and incorporate gravitationally
seli~cansistent ocean loading without water in-filling for Hudson Bay.
Although the in-filling of Hudson Bay with ocean water in postglacial times
is important for determining uplift rates in the center of Hudson Bay, it has
less effectonland. - .

In contrast, ice thicknesses are not available for the [CE-4G model, and
no surface-loading calculation was attempted. Instead, uplift rates for
ICE-4G were obtained from digital files of topography computed by Peltier
{1993). These files give the surface elevation (topography) relative to sea
level, at 1000 yr intervals since 21 000 calendar yr B.P, resulting from using
the ICE-4G chrenology as the input for a Maxwell viscoelastic surface-
loading calculation, Values are given on 2 1° x 1° global grid. At each grid
point, the change in topography was determined between the present and
1000 calendar yr B.P. and then from 1000 to 2000 calendar yr B.P. From
these values, present-day vertical crustal motion was determined,

Rates derived from the ICE-4G load are considerably less than those
based on ICE-3G. Over Lake Winnipep, the ICE-4G~derived rates are, on
average, 43% less; over Lake Manitoba, they are 61% less; over Lake Win-
mpegosis, they are 53% less; and over Lake of the Woods, they aré 32% less.
For the most part, this effect reflects the general trend in current thought
toward a thinner multidomed ice sheet, but also represents a measure of the
uncertainty associated with the task of trying to reconstruct continental-scale
ice sheets. The results presented in the next section can be used as geo-
dynamic constraints for constructing and refining fiture Laurentide ice models.

RESULTS AND DISCUSSION

The results of the least-squares solutions are summarized in Table 2. Thé
LE and QQ fits (the least and ‘most complex of the regional trend-surface
models, respectively) are plotted in Figure 6 along with the simple linear-

TABLE 2. LEAST-SQUARES SOLUTIONS FOR REBOUND-RELATED PARAMETER VALUES FOR FOUR REGIONAL TREND-SURFACE MODELS

Parameter LL QL LQ QQ
yr-1} yr ") yr™ 2 br ()

Sy (7.3£2.3}% 1079 7.2+ 4.1) % 162 NEAEOTIX 100 6.4 £30) % 100 "33 + 0.9} x 10~ (5.0 £ 3.0) x 30"
Sy H7.9£2.1) % 1¢-9 *(6.9 + 3.0) x 109 {42£04}x 1090 (3113 x40 (3.4 + 0.5) x 10-% (=15 % 1.0y x 10-1
S (4.3 + 25) x 10~ {0.05 + 4.3} x 10-18 (5.8 £ 6.2) x 3077
Sy (5.1 28) x 105 (5.2 £ 4.7) » 10-16 *(45 £ 7.3) x $0-77
Sy (6.0 £9.3) x 10-15 (0.8 +2.0) % 10-%5 17 + 3.2) x 10~V
2 0.25* 0.25 0.25 0.25

Note: Values are given relalive to the motion of the land surface. Vakies marked with an asterisk are statistically significant {p < 0.05).
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regression trend line for each pair of time series of mean winter-season dif-
ferences. Each of the four regional trend-surface models accounis for 25%
of the aggregate variance present in the time series of mean winter-season
differences as measured by 2. This percentage is somewhat [ess than that
for the simple linear-regression fits, which account for 39% of the aggregate
variance, and the quadratic fits, which account for 42%. If one can accept

@ Lake Winnipeg

that the linear and quadratic fits to the time series of mean winter-season dif-
ferences represent the postglacial rebound signature between each gauge
pair, then the regional models capture most of that signature. The results in-
dicate that adding parameters over a simple planar fit (the EL model) does
not statistically improve the fits. Therefore, nearly all the postglacial re-
bound signature that can be identified by using these regional trend-surface
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models is captured in the two time- and space-linear parameters of the LL
model, S, and S, According to the LL model, postglacial tilting is up to the
northeast with abeanng of N{42.7 £ 11.8)°E at arate of {10.7£2.2) x 167
rad -y Relative to the lake-surface elevations from equations 1 and 5, the
regional tilt signature extracted from the data by any of the regional frend-
surface models accounts for tess than 0.5% of the total lake-level fluctuation
as measured by rZ. This smatl percentage is understandable when one con-
siders that the dominant signatute in the lake-surface elevation histortes is
the climate-induced lake excursion, L, (Fig. 2), which can vary from year to
year by as much as 2 m. In contrast, the regional tilt signature is measured
n millimeters to centimeters over decades.
The WgsDaw and VicPin pairs were excheded from the final analysis
because they are influential outliers according to.the criteria previously
_ described. The differential rates of rebound indicated from the slopcs ofa
simple linear régression for these two pairs (4.5 and 3.0 mm- yr 1, respec-
tively) are anomalously high and inconsistent with the remaining network
of gauges. Inclusion of these two pairs resulted in regional trend-surface
model 2 values between 4% and 7%, whereas the exclusion of these two
pairs increased #2 values to 25%. If the high rates for these two pairs are real,
then 2 more detailed model is required to capture the rapid changes in the
spatial pattern. Examination of the other three time series with the Victoria
Beach gauge in Figure 6 shows that the regional models underpredict both
the VicBer and VicMis pairs, but yield a good fit to the VicMon pair. These
observations suggest that there might be a local subsidence problem at the
Victoria Beach station, which artificially increases relative rates of rebound
between it and other gauges to the north. A similar situation could exist at
either {or both) the Wimnipegosis or Dawson Bay gauges. With only two
gauges on Lake Winnipegosis, it is impossibie to determine which one
might be in error, if at all. Overall, visual inspection of the plots in Figure 6
indicates that the regional models fit the time series of mean winter-season

differences reasonably well, including sufficiently good fits to the longer
time series of WpgBer, DelStp, and WarKee.

Another important result is that because the time-quadratic models (L.Q
and QQ) did not significantly improve the fits over the time-linear LL
model, there is little to no time variation present in the postglacial rebound
signature, Thus, it does not appear that there is any change in the rate of re-

“bound due to other sources such as variation in the lake loads themselves.
Rather, the postglacial rebound signature appsars to be quite steady and is
best expressed as a simple linear trend (Fig. 6).

Comparison with Rates Derived from ICE-3G and ICE-4G Models

In Figure 7, the planar pattern of postglacial rebound according to the LL
model is overlain onto the patterns of rebound that we computed from the
ICE-3G and ICE-4G load models. Al three patterns indicate that tilt is up
to the northeast, which is consistent with other previously published patterns
of postglacial rebound for this region (Teller and Thorleifson, 1983; Peltier,
1986; Andrews and Peltier, 1989; Sjoberg et al., 1990). The rebound pat-
terns derived from the two ice models and the lake-gauge data (according to
the LL model) suggest that the tilt pattern over the region is rather smooth
and unidirectional. This result is in contrast to what was reported in
Tackiman et al. (1998}, where post-Take Agassiz paleoshorelines indicated
a deformation pattern of tilting up to the east-northeast over Dayphin Lake
and a change to a faster rate of tilting up to the east-northeast over Lake
Winnipegosis. If the determination of the more rapid rate oftilting up to the
north-northeast over Lake Winnipegosis, indicated by the WgsDaw gauge
pair, could be augmented and verified with additionai gauges, or by other
means, then the regional pattern measured by lake gauges in southern Mani-
toba should show more variation than is sugpested by the simple planar pat-
tern of the LL regional model.
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Figure 7. Spatial pattern of tilting computed from the LL regional trend-surface model (solid lines) overlaid on the pattern computed from the
ICE-3G and ICE-4G Yoading models (dashed lines). Rate-contour spacing is 1 mm-’yr~. Triangles are the gauge stations used to compute the
regional model pattern (see Fig. 1 for gauge names). All patterns are referenced to the central reference point (lat 51.1710°N, long 97.5518°W)

indicated by the bull’s-eye symbol.
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The rate-contour spacing in Figure 7 reveals that the rate of tilting ob-
_served from the lake gauges is in close agreement with those computed from
ICE-3@, but is almost twice as fast as the pattern computed from ICE-4G.
Neither the ICE-3G nor ICE4G patterns, or regional trend-surface models,
capture the tilting that is apparently occurring over Lake Wirmipegosis; this
tilting is faster, and is oriented more to the north. Table 3 is a surnmary of dif-
ferential rates of rebound between gauge pairs computed from a simpie lin-
ear-regression line, our regional trend-surface models, the ICE-3G and
ICE-4(G loading models, and those given in Carrera et al. (1991). The latter
are included as an additional comparison to the linear-regression rates com-
puted in this study. When uncertainties are taken into account, there is gen-
eral agreement between this study and that of Carrera et al. The differences
that do exist are likely due to different data-handling methods and time in-
tervals used in the two studies. First, there are corrections riade in this study
- that were not made in Carrera et al. {the Victoria Beach bench-mark adjust~
ment; the 28 mm adjustment to post-November 1978 values for Warroad;
and the exclusion of pre-1966 data for The Narrows). Second, in this study,
some gauges were combined that were not in Carrera et al. (Winnipeg
Beach with Gimli, Westhourne with Delta Beach, Meadow Portage with
Toutes Aides). Third, the study of Carrera et al. incluced data through 1990,
whereas this study extends through 1995, Fourth, Carrera et al. used a sum-
mer-season mean, whereas we used a winter-season mean. One notable ex-
ception to the general pattern of agreement between this study and that of
Carrera et al. is the significantly higher rate for WgsDaw determined by
Carrera et al. refative to our resnlis. We have no definite explanation for this
difference, but suggest as a possibility that Carrera et al. may have inadver-
tently used the data prior to October 1963 for the Dawson Bay gauge that the
Water Survey of Canada indicates is unreliable and should not be used.

In an attempt to summarize the agreement, or disagreement, between
rates computed from the lake gauges and those computed from ICE-3G and
ICE-4G loads, we simply regressed the rates given in Table 3 for the simple
linear regression and the LL model onto those we computed from the ice
models (Fig. 8}, To understand the rationale for this test, one should con-
sider the case where total agreement exists. Both the slope of the regression

line and comrelation coefficient would be one, and the standard ervor of the
regression-line slope would be small. In other words, the ice model would
cxactly predict, or agree with, the rates computed from the lake gauges.
When the regression-line slope is greater than one, rates observed from the
lake gauges exceed ice-model predictions on an aggregate basis (the ice- -
model underpredicts), whereas when the slope from the regressicn line is
less than one, rates observed from the lake ganges are less than the ice-
model predictions on an aggregate basis (the ice model overpredicts).

In the top two plots of Figure 8, the rates derived directly from the
slopes of simple linear-regression lines through the mean winter-season
differences agree better with those computed from ICE-3G than with
those from ICE-4G. In the comparison with ICE-3G, the regression-line
slope is closer to one, has a smaller uncertainty, and a higher correlation
than the plot with ICE-4G. In the lower two plots, the agreement between
the LL model and ICE-3G is again superior to that with ICE-4G. The
slope is near one, the uncertainty is small, and the correlation high. These
plots quantitatively confirm the conclusion, previously made from visual
inspection of Figure 7, that the pattern computed from an ICE-3G load is
in eloser agreement with the pattern observed from the lake gavges than
is thie pattern computed from ICE-4G.

In spite of the fact that these two ice models are derived mainly from the
inversion of relative-sea-level histories obtained from marine coasta) sites,
they do a reasonably good job in the continental-interior region of southern
Manitoba, although ICE-4G appears o be considerably too slow in this
continental-interior region. The fact that the observed pattern of rebound
derived from the lake gauges agrees better with a rebound pattem computed
from a single-domed ICE-3G lcad, compared to a pattern computed from
the multidomed ICE-4G load, should not be interpreted to mean that the
Laurentide ice sheet was thick and single-domed. Rather, it may mean that
the ice domes predicted by ICE-4G in Ontario and/er western Quebec
should be increased, or certain Earth structure assumptions medified, or
both. In the next section, we offer more specific suggestions for how these
models might be modified based on a region-wide pattern of uplift that
includes the Great Fakes.

TABLE 3. DIFFERENTIAL RATES OF REBOUND BETWEEN PAIRS OF GAUGES

Gauge pair Linear LL QL LQ QQ ICE-3G ICEA4G Carrera
Lake Winnipeg :

GimPin —1.143 £ 0.253 -0.803 -0.804 -0.613 —.748 -0.928 -0,569

GimMis —0.055  .403 —0,928 -0.852 0.338 0.273 -1.525 -0.730

VicBer —2.232 £ 0.250 -1.023 -1,084 —0.461 -0.881 -1.194 " -0.379 -1.59+042

VicMis -1.753 + 0.319 —0.642 -0.604 0.538 0.356 -1.258 ~0.467

VicMon —1.873 £ 0.769 -1.700 -1.805 -0.278 ~1.141 —2.047 -0.860

PinMis 0.735 £ 0.334 0.038 0.015 0.700 0.659 -0.597 -0.161

BerMis —-0.064 + 0.280 0.544 0.543 0.786 0.897 -0.064 —0.088 0.2910.33

BerMan -0.592 £ 0.791 ~0.514 -0.757 —-0.059 -0.481 ~0.853 -0.481

MisMon ~1.528 + 0.646 -0.898 -1.237 -1.156 -1.866 -0.789 -0.393 -0.46 + 0.95

WpgBer -0.567 +0.105 —1.406 —1.409 -0,927 -0.975 -1.551 -0.706 -0.50+0.43
Lake Winnipegosis

WgsDaw —4.500 +0.425 —0.519 -0.380 ~0.046 G512 -1.234 -0.588 -6.21 £ 0.50
Lake Manifoba

WesiNar 0.045 £ 0.280 -0.459 -0.360 ~0.322 -0.049 ~0.650 -0.213 0.11 £ 0.56

WesTou 0158 £ 0.215 -0.466 -0.244 -0.021 0.291 -0.780 —0.352

Nar3tp -~0.094 + 0.197 -0.142 -0.185 -0.265 -0.222 -0.366 -0.120 164 +0.24

NarTou G.179 £ 0.143 0157 0.179 0.162 0.147 —0.050 -0.139

TouStp -0.510 £ 3,150 ~0.135 -0.302 -0.535 -0.545 —0.276 0.019 -0.97 £ 0.56

DelStp —1.003 £ 0.135 -0.685 ~0.512 ~3.470 ~0.367 -0.948 —0.261 ~0.84 +0.34
Lake of the Woods .

WarHan -0.440 +0.133 -0.600 -0.396 -6.893 ~-0.374 -0.478 0317 -1.88 £0.21

WarClr —0.296 £ 0.103 -0.803 —0.586 —0.745 -0.642 -0.745 -0.265

Hankee ~0.392 £ 0.404 -0.248 -0.247 —0.151 -0.585 -0.390 -0.095

HanClr 0.124 £ 0.128 -0.040 -0.127 0.005 —0.512 ~-0.269 0.052

Warkee —1.077 £ 0.083 -0.981 -0.706 -0.830 -0.747 -1.163 -1.165 -0.83+0.11

Nales: Data were determined according to the slope of a simple linear regression line {for column 1}, computed frora the four regionat trend surface
models {for columns 2-5), computed from ICE-3G and ICE4G ice load maodels (for colitmns 6 and 7), and fromn simple linear regression taken from
Carrera et al. (1891) (for colurmn 8). All rates are in mm yr— and represent the motion of the land surface between gauge pairs. Negative (pesitive) rates
indicate the land surface at the second gauge is rising (subsiding) relative to the first.
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Figure 8. Diagnostic scatter plots for aésessing the agreement {or disagreement) between rates predicted by various means. Top two plots: Rates
predicted from simple linear regression through winter-season mean differences vs. rates computed from ICE-3G and ICE-4G load histories.
Boitom two plots: Rates predjcted from the LL model vs. rates computed from ICE-3G and ICE-4G load histories. Al rates (both axes) are relative
to the motion of the land surface. All the correlations and slopes are statistically significant (p < 0.05).

Extension of Pattern to the Great Lakes

Tn an effort to explore still larger-scaie rebound patterns, we extended the
LL pattern from the southern Manitoba-Lake of the Woods region to the
pattern computed over the Great Lakes from lake gauges by Clark and
Persoage (1970) {(Fig. 9). We digitized the Great Lakes patiern from their
Figure 2 and converted our rates to the same units (feet per century; 1 f/cen-
tury = 0.3048 m per 100 yr) used by Clark and Persoage. The rate contours
were extended from both patterns by continuing the trend and then linking
the extensions approximately halfway between the two regions. Although
the extension and linking procedure must be viewed as somewhat subjec-
tive, we have strived to be faithfirf to the individual patterns and believe the
linked pattern is a reasonable representation of the region-wide pattern.

On the basis of the rate-contour spacing in Figure 9, the present tilt rate is
about the same for both regions, with the excepiion of the southern half of
the lower peninsula of Michigan and much of Lake Erie, where it is less
than half the rate seen in the rest of the paitern. Over the Great Lakes, tilt is
up to the northeast in apparent response to major ice loading that, according
to the ICE-4G model, existed over James Bay and western Quebec. The
southern Manitoba region is apparently responding to James Bay ice and an
ice dome that, according to the paleotopography of ICE-4G, existed over
Churchill. In addition, the overall pattern also suggests a more local source
region of isostatic deflection in western Ontario, possibly related to the
lobate structure of the former Laurentide ice sheet. In particular, we are
inclined to invoke an influence from the Des Moines lobe, but the Rainy and
Superior lobes, among others, would also be invoived (if we use the paleo-
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geography and terminology of Dredge and Cowan, 1989, their Fig. 3.22).
Anather ice-sheet feature that might be related te the rebound pattern is a
relatively small ice dome {~2600 m in height) present in ICE-4G, which
was cenfered just north of Lake Nipigon. Overall, the spatiai arrangement
of several ice domes predicted in the paleotopography of the ICE-4G model
is consistent with the region-wide contermporary iilt pattern of Figure 5.
However, rates derived from the ICE-4G load model underestimate the ob-
served pattern in Manitoba, as previously discussed. Any attemnpt to modify
ICE-4G should retain a similar spatial arrangement of ice domes, but
increase ice thickness for (1) the ice lobes that flowed through western
Ontario and southern Manitoba or (2) the small ice dome north of Lake
Nipigon—or both—in order to increase uplift rates to more closely match
those observed in southern Manitoba and, if necessary, also for the Great
Lakes. Earth structure assumptions may also need to be modified. In partic-
ular, no lateral variations in Earth structure were included in the derivation
of ICE-3G and ICE-4G, though such variations certainly exist and cari sig-
nificantly influence patterns of vertical motion. We choose these conti-
nental-interior ice-sheet features for medification because we have assumed
that the ICE-3G and ICE4G models are in close agreement with Hudson
Bay tide gauges and relative-sea-level histories and that any further modifi-
cations of modeled Hudson Bay ice (i.e., the Churchill or Cape Henretta
Mana [lat 55°N, leng 83°W] ice domes) would bring these ice models out
of agreement with the marine data, Furthermore, we have also assumed that
the modeling of these interior ice-sheet features was done without the
benefit of continental-interior dala such as the lake gauges of southern
Manitoba and Lake of the Woods.
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Suggesting that additional ice be added to models for western Ontario is
not without precedent. Clark et al. (1996) developed a numerical reconstruc-

tion of the Laurentide ice sheet for the LGIM that is based on mechanical -

effects associated with deformable subglacial sediments. Their reconstruc-
tion included three ice domes with elevations exceeding 3500 m above sea
level—one centered ~400 km cast of James Bay (about lat 53°N, long
T3°W), a second centered halfway between James Bay and Eake Winnipeg
in western Ontario (about lat 53°N, long 89°W), and a third in the Keewatin
region centered at zbout lat 62°N, long 105°W. The western Ontario dome
featured a lobe that extended southwest through the region between western
Lake Superior and Lake of the Woods. However, in a subsequent comment
and reply forum (Mooers, 1997; Clark et al.; 1997), a second reconstruction
was computed by using a different ice margin in Minnesota that reduced the
size of the western Ontario dome and consequently also removed the promi-
nent southwest lobe. In either reconstruction, ice height in western Ontario
is preater than that of ICE-4G. It would be interesting to compute rates of
rebound from the Clark et al. (1996) reconstruction and compare them with
those presented in this study and with those from the Great Lakes. However,
the Clark et al. (1996) reconstruction is for the LGM only. The entire history
of deglaciation is required to compute postglacial rebound patterns. Further
support for an enhanced Laurentide ice sheet over that predicted by ICE4G
cames from Pollard and Thompson (1997), who used the GENESIS (version
2.0.a) global climate model with sea-surface temperatures prescribed from
CLIMAP (1981}, a mixed-layer ocean model, and the CLIMAP (1981) and
[CE-4G ice-sheet reconstructions at the LGM. They found that ICE-4G
would have had a significantly negative mass balance at the LGM. In sum-
mary, the results of three studies—ithis one, based on the observed pattern of
rebound in the continental interior, the modeling of Clark et al. (1996), based
on mechanical effects assoctated with deformable subglacial sediments, and
the modeling by Pollard and Thompson {1997} using mass-balance criteria—
all supgest that more ice may have been present in the Laurentide ice sheet

“than what ICE-4G predicts. In particular, both this study and that of Clark
et al. (1996) suggest more ice in western Ontario.
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Figure 9. The i)ostglacial re-
bound pattern over the four
lakes in this study computed
from the LL regional trend-sur-
face model extended to the lake-
gauge-derived pattern over the
Great Lakes computed by Clark
and Persoage (1970). The short-

- dash rate contours over the
Great Lakes were extended by
Clark and Persoage. The con-
necting fong-dash rate contours

between the two regions were ex-
tended in this study from the tweo
patterns. All rates are expressed
in feet per century (1 fi/century =
0.3048 m per 180 yr) to conform
to the units used by Clark and
Persoage.

~ Regional Lake-Level Management Implications

Since reliabie recording began on these lakes about 1915, postglacial Gle-
ing has slowly shifted these water bodies to the south and west, leaving
behind a clear signature of the water-body translation in the lake-gauge
records (Fig. 6). As the change in the land-to-water-level relationship
became significant, different gauges on a lake recorded different levels for
the lake, and uncertainty associated with the “mean lake level” computed
from the network of gauges increased. The best example of this existed on
Lake Winnipegosis while the Dawson Bay gauge was still operational

In the winter of 1963, when reliable recording began at the Dawson
gauge, the recorded lake level was 110 mm [ower than that measured at the
Winnipegosis gauge. In December 1994, the year the Dawson Bay gauge
was discontinued, postglacial tilting—and possibly other factors such as
tocal subsidence at the Winnipegosis gauge site—had substantially in-
creased the difference so that the lake level recorded at Dawson Bay was
270 mm lower than that recorded at Winnipepgosis. This result gave the im-
pression that the datum at Dawson Bay was too low, which prompted the
Water Survey of Canada to attribute the difference to survey error in either
the Dawson Bay or Winnipegosis datum, or both, Because a difference
existed in 1963 when the Dawson Bay gauge bench marks were mitially
tied into Geodetic Survey of Canada bench mark 1384C, there is some justi-
fication for believing that a datum error existed. However, the reason for the
difference may not be due to survey error alone but is also likely due, at least
in part, to postglacial rebound. The last time the datum was adjusted at
Winnipegosis was in 1947, Applying a differential rebound rate of
4.5 mmyr~ (Fig. 5) to the 1947-1963 interval indicates that the bench
mark at Winnipegosis would have subsided about 80 mm relative to
Dawson Bay. Assuming no survey error in the Winnipegosis datem, the
relative subsidence due to postglacial tilting explains most of the initial
110 mm difference observed between the two sites in 1963. Thus, the datum
problem may not be a datum problem at ali, but rather, a postglacial rebound
signature. Because the Dawson Bay gauge was discontinued by the Water
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. Survey of Canada in 1994, further verification of the exceptionaily high rate
of rebound and apparentty rapid change in tikt direction over Lake Winni-
pegosis will have to be determined by other means.

Measuring Mean Lake Level. Computing a mean lake level is central
to the monitoring and regulation of these Iakes and is the main reason for
maintaining the network of gauges. Because postglacial rebound deforms
the datums to which the gauges are referenced and shifts the water bodies
to the southwest, where and how mean lake level is computed deterrines
how meaningfial the measure is.

Considerable effort has been devoted to determining methods for com-
puting a meaningful mean lake level. The methods developed to date address
short-term fluctuations, such as those presented in Figure 3, but none of the
methods explicitly corrects, or monitors, for the effects of postglacial re-
bound over the long term. For example, the Ad Hoc Committee (1982) on the
Lake Winnipeg datum studied various methods for computing a mean lake
level. They recommended a measure called the *“wind effect eliminated
level” to estimate the still-water level of Lake Winnipeg, This measure serves
as the official level of Lake Winnipeg for regulation purposes. The method
effectively reduces the short-term fluctuations seen in Figure 3 but does not
address the long-term effects of postglacial rebound.

The committee also established the Lake Winnipeg datum, which was
implemented in JTanuary 1986. All active gauges were adjusted by the
method of water-leve] transfer to the level of the gauge at Berens River,
which is the location of the agreed-upon master bench mark for the Lake
Winnipeg datum (BM73M079, Geodetic Survey of Canada [1960]). The
reatignment temporarily corrected the gauges for the accumulated effects of
postglacial rebound. However, examination of Figure 6 shows that the accu-
mulated effects of posiglacial tilting became apparent again within about
10 yr. Therefore, part of the solution for achieving a meaningfui measure of
mean lake level would be to realign the gauges to their respective datums
more frequently than they have been in the past. How often realignment
should occur depends on the rate of vertical motion, which is variable over
the region. A realignment interval of 1¢ yr would be a good starting point
and should keep the gauges in reasonable agreement. However, we suggest
realignment every 5 yr because of our assumptions that (1) the older gauges
will eventually be replaced by newer more accurate gauges capable of
measuring lake level within 3--5 mm (i.e., Table 1) and (2) a rate of differ-
ential vertical motion of 1 mm-yr~' is a reasonable estirnate for the region
and will become apparent in the measurements of the newer pauges within
5—10 yr after a realignment. We caution that the adjustment for every re-
alignment must be applied to the entire length of record for each gauge in
order to preserve the secular trend due to postglacial rebound.

" The datums for alf these lakes are several decades old (Table 1) and have
been deformed significantly over the years by postglacial rebound. Thus,
regional water managers should consider referencing the datums to the
North American Vertical Datum of 1988 (NAVD 88) or the International
Great Lakes Datum of 1985 (IGLD 1985). In either case, both datums are
currently less deformed by postglacial rebound than are the datums to which
the lakes are currently referenced. Furthermore, adopting either datum
would better link the southem Manitoba Jakes and Lake of the Woods to the
Great Lakes. Finally, the current practice of realignmient by water-level
transfer shouid be verified with other leveling techniques that rely on cur-
rent technologies, such as standard leveling techniques using geodetic total
stations and the Global Positioning System (GPS).

Possible Increased South-Shore Flooding. Transgression of the re-
gion’s lakes along their south and west shores poses a potential risk for
increased flooding and wave erosion over the long term. This danger is
especially true for Lake Winnipeg and Lake of the Woods. If the water
budgets for these two lakes remain positive and the lake levels are held con-
stant at thetr dams over the long term, possibly to maintain outlet capacity,
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then postglaciai tilting to the northeast will cause a slow, but steady, trans-
gression atong the south shores of these lakes. The level of Lake of the
Woods at Warroad, Minnesota, has increased about 80 mm relative to the
dam at Keewatin over the past 80 yr (Fig. 6). Smaller increases can be esti-
mated for most other locations on Lake of the Woods and Lake Winnipeg.
‘Thus, up ta the present, the relative change in lake level since the constuc-
tion of these dams apparently does not constitute a significant south-shore

" flooding hazard, Nevertheless, long-range planning for the shorelines ofthe

region’s lakes, as well as what level these lakes should be maintained at,
should include the effects of ongoing postglacial rebound.

Postglacial Rebound and the Red River Floodway. Another potential
water-management issue is whether the rate of postglacial tilting is rapid
enough to effectively decrease the gradient of the Red River flocdway
(Fig. 1) within the foreseeable future. The Red River floodway isa47.3-km-
long diversion channel that was constructed in the 1560s to protect the city
of Winnipeg from flooding by the Red River. The floodway is.designed to
carry 1700 m3-s™!. During flood stage, some of the Red River flow is
diverted mto the floodway at a point just south of the city of Winnipeg. The
floodway runs north along the east side of the city and then rejoins the
natural channel of the Red River north of Winnipeg at Fockport. The flood-
way has effectively reduced flood damage in Winnipeg for 18 spring high-
water events from 1969 to 1997, including the much publicized 1997 Red
River flood. Although the gradient varies for different reaches of the channel,
the average gradient for the entire length of the floodway is about 9 x 1075,
The tilt rates determined from the lake-gauge data are on the order of 10

-rad yr-1. At this rate, it would take about 90000 yr for postglacial tilting to

completely reduce the floodway channel bottom to a level surface.
SUMMARY

In this paper, regional trend-surface models were used to extract the post-
glacial rebound signature from !9 lake gauges on Lake Winnipeg, Lake
Winnipegosis, Lake Manitoba, and Lake of the Woods. A winter-season
mean difference between pairs of gauge records, when these lake surfaces
are relatively calm under the cover of ice, gave better fits to the models and
yicided smaller standard errors than the same analyses using a summer-
season mean difference, when these Take surfaces are active because of
meteorological disturbances. The contemporary postglacial rebound pattern
over this region appears to be steady with no significant time-varying com-
ponent. As a result, the regional pattern of rebound is best explained by the
simple planar representation of the LL model. The patiern consists of a north-
easterly uptilt direction with a bearing of N(42.7 & 11.8)°E and a rate of
(10.7 £2.2) x 10-? rad"yr . The tilt direction is in.basic agreement with
those computed from the ICE-3G and ICE4G load histories for the region,
Rates of rebound derived from an ICE-3G load are in close agreement with
those computed from the lake pauges, whercas rates computed from an
ICE-4G load are about 50% too stow. Although the observed rebound pat-
tem based on the lake gauges agrees better with the pattern derived from an
ICE-3G load than the pattern derived from an ICE-4G load, we think that the
moadeled ice domes present in ICE-4G in Ontario and/or western Quebec
should be increased or certain Earth structure assumptions should be modi-
fied—or both—to bring the ICE-4(G relound pattern into better agreement
with observations in this continental-interior region. We select the ICE-4G
medel for modification over its predecessor ICE-3G because ICE-4G reflects
more recent knowledge of ice-sheet dynarnics, climate change, and internal
Earth structure compared to the ICE-3G reconstruction.

The main reason the network of gauges is in place is to provide ongoing
and historical lake-level elevations to monitor the levels and help contrel the
outflows of these lakes. As postglacial tilting shifts these water bodies to the
south and west and deforms the datums to which the gauges are referenced,
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different gauges on a lake will record different water-surface elevations.
Thus, steps must taken to correct the datums of these lakes in order to obtain
accurate and equivalent lake leveis at ail gauge stations. The gauges should
be realigned to their respective datums at least every 10 yr and mors fre-
quently if budgets and resources allow. In addition, the fake-gauge data for
these lakes should be reanalyzed at least every 10 yr to track the progress
and effects of postglacial rebound. Finally, the vakue of long-term record
keeping cannot be overstated. Long-term water-fevel histories not only wilt
benefit those interested in monitoring and managing the water levels of
these lakes, but are also an important data source for scientists interested in
climate change and, in our case, crustal motion due te postglacial rebound,
We hope that in the near future, the value of long-term record keeping will
prevail over the short-term need to reduce budgets and that the gauge sta-
tions at Dawson Bay and Toutes Aides will be reinstated as well as addi-
tional gauges added to all the lakes, especially Lake Winnipegosis.
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