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History and Status of the U.S. Geological Survey
Interdisciplinary Research Initiative in the
Shingobee River Headwaters Area

By Robert C. Averett and Thomas C. Winter

The availability and quality of water is a
fundamental concern to mankind. Water commonly is
not available where it is most needed, and its quality
commonly is not suitable for use without treatment.
Furthermore, land and water developments commonly
degrade the quality of water even more. Increased
development has resulted in a growing concern about
water supply and the general condition of aquatic
environments. Historically, most water management
has concentrated on surface water or ground water as
if they were separate resources. However, develop-
ment of either water resource eventually affects the
other. The growing realization that the hydrologic
system is essentially one resource has made it impera-
tive that scientists from many different earth-science
disciplines work together to determine the interactions
of water with earth materials and organisms
throughout the landscape. The goal of working
together, however, is often elusive because discipline
barriers are difficult to surmount. In some cases,
scientists prefer to work with those in their own fields.
In other cases, research follows discipline lines
because of organizational structure and funding
sources. The result is that many scientists from
different disciplines do not come in frequent contact
with each other. When scientists from different
disciplines work at a common site, they commonly
continue to work within their discipline, requiring a
coordinator to integrate the results. This approach
does little to break down discipline barriers. Less
commonly is a concerted effort made to focus on a
problem, where scientists from different disciplines
are strongly encouraged to interact with each other
from the outset of the study. Recognizing that most
environmental problems require integration of many

disciplines in order to understand the linkages between
processes and to develop management solutions, a
decision was made among U.S. Geological Survey
(USGS) scientists to provide an incentive to foster
closer interdisciplinary research, in which an attempt
to integrate the research would be made from the
outset and throughout the study.

In late 1987, a group of USGS scientists formed
an Interdisciplinary Research Initiative (IRI). The
group prepared a prospectus that had as its major
theme that the management of the Nation's water
resources requires knowledge of how atmospheric
water, surface water, and ground water function as
integrated systems. Fundamental attributes for the
research initiative included (1) the need for
fundamental research on hydrologic and biogeochem-
ical processes related to some of the most pressing
environmental problems facing the Nation, (2)
selection of ecosystems that had comparative aspects,
and (3) a long-term perspective. The fundamental
study unit was to be a watershed, or watersheds, that
included close interaction between physical, chemical,
and biological aspects of atmospheric water, surface
water, and ground water. The watershed concept ties
directly to USGS expertise in the study of the
hydrologic cycle.

A basic premise of the IRI was that participating
scientists would become involved on a voluntary basis
and that they would provide their own funding. There
were to be no constraints placed on the number of
scientists participating, their discipline, or on duplica-
tion of effort. Indeed, a strength of the effort would be
to provide the opportunity to do comparative evalua-
tions of concepts, methods, and models. Annual



meetings would be held to keep participants informed
on research underway and planned.

It was decided to focus initially on lakes
because they integrate many hydrologic processes that
are present in their watersheds and they preserve a
record of past environmental change in their
sediments. The organizing principle was to select one
or more watersheds having two lakes with contrasting
water residence times, the underlying hypothesis being
that many processes in lakes are affected by the water
residence time. Lakes having a short residence time
generally have stream inputs and outputs and,
therefore, are dominated by external fluxes. In
contrast, lakes having a long residence time generally
are closed and, therefore, are dominated by internal
cycling. The contrasting water residence times were
hypothesized to result in systemwide differences at all
physical, chemical, and biological levels in the lake
ecosystems and are, therefore, the impetus for the
comparative aspects of the IRI effort. Topics that
could be studied stressing interlake comparison
include, but would not be limited to, dissolved organic
carbon, alkalinity, lake hydrodynamics, composition
of the plankton community, population turnover rates,
and oxygen dynamics. While the unit of study was to
be the watershed, a major focus would be on the lakes.

In the spring of 1988, a nationwide search was
conducted to find a study area for the IRI effort.
Offices of the USGS and selected universities were
sent a list of selection criteria and were asked to
propose candidate field sites. Water residence time
was listed as the main criterion, but size of the study
area and access to the study area were also important
constraints to facilitate convenience and affordability.
From 61 proposed sites across the United States, the
Shingobee River Headwaters Area in north-central
Minnesota was selected. This headwaters watershed
contains seven lakes, but Williams Lake and
Shingobee Lake best fit the selection criteria.
Williams Lake has no stream inlet or outlet; it interacts
only with the atmosphere and with ground water.
Shingobee Lake has a stream inlet and outlet;
therefore, the lake interacts with surface water as well
as with the atmosphere and with ground water. Water
residence time is about 3 years for Williams Lake and
about 6 months for Shingobee lake. The location of
the study site is shown on plate 1.

Williams Lake had been studied by several
members of the USGS for more than a decade, and a
continuous data base, as well as instrumentation to

measure atmospheric water, surface water, and ground
water variables, was in place. Shingobee Lake had not
been studied previously. Climate stations and stream
gages were established in the vicinity of Shingobee
Lake in 1989. Sensors to measure water temperature,
air temperature, vapor pressure, and windspeed were
placed on a raft in the center of the lake. Sensors to
measure long-wave radiation, short-wave radiation, air
temperature, vapor pressure, windspeed, and wind
direction were placed at a land station near the lake. A
stage gage was placed on the lake, and stream gages
were placed on the inlet and outlet streams.

Research on Williams and Shingobee Lakes, the
Shingobee River, and a fen wetland has been
underway since the spring of 1989. Presently, about
20 scientists participate in the IRI effort; most are
from the USGS, but others are from the University of
Minnesota, Twin Cities; University of Minnesota,
Duluth; the University of California, Davis; Michigan
Technological University; and the Oak Ridge National
Laboratory. To focus the research initially, the partici-
pating scientists identified three major study priorities
for the IRI effort. These are (1) processes associated
with the carbon budgets of the two lakes, (2) physical,
chemical, and biological interactions that formed and
maintain Little Shingobee Fen, and (3) physical,
chemical, and biological interactions that take place
between the Shingobee River and its hyporheic zone.
A site manager, supported by the USGS, was hired in
1989 to make routine and specialized measurements
and sample collections and to manage the general data
base.

This document provides a synopsis of the IRI
effort, including a description of the area, work
underway, and highlights of progress. The papers
herein represent only a brief overview of the work
underway as of 1995. A goal of this document is to
provide information so that others might see the
opportunity to complement the present activities and
to join the IRI effort.



Glacial Landscape Evolution of the Itasca/St. Croix
Moraine Interlobate Area Including the Shingobee

River Headwaters Area

By Howard D. Mooers and Arthur R. Norton

INTRODUCTION

The Shingobee River Headwaters Area lies
within a physiographic region known as the Itasca/St.
Croix moraine interlobate area (Norton, 1983) (fig. 1).
The glacial history of this area is particularly complex,
and the geomorphology and sedimentology provide a
record of glacier dynamics, processes of ice stagna-
tion, and the development of an extensive glacial karst
system (Mooers and others, 1990; Wright, 1993).

The Itasca moraine is 160 km long, 20 to 30 km
wide (fig. 1) and composed of as much as 250 m of
unconsolidated sediment overlying bedrock. This
large end moraine marks a lengthy stillstand of the
Itasca phase of the Wadena lobe of the Laurentide ice
sheet during Late Wisconsin time (Wright and Ruhe,
1965).

The St. Croix moraine of the Rainy lobe extends
from its interlobate junction with the Itasca moraine
southward to central Minnesota (Wright, 1972;
Wright and Ruhe, 1965). Although a prominent
geomorphic feature of Minnesota's landscape, the St.
Croix moraine is much narrower and has considerably
less relief than the Itasca moraine (fig. 1).

The glacial geology of the interlobate junction
of the two moraines was the focus of an investigation
by Norton (1983). The area is characterized by a
myriad of glaciofluvial sediments and landforms
including ice-contact sands and gravel, collapsed
outwash plains, coalescing outwash fans, outwash
terraces, and subglacially carved tunnel valleys
(Norton, 1983).

Other than the investigation of Norton (1983),

few detailed studies of the glacial geology of this area
have been undertaken. The general sequence of

glaciation of the region is discussed by Wright (1972),
Wright and Ruhe (1965), and Matsch and Schneider
(1986). Seaberg (1985) conducted an investigation of
the hydrogeological characteristics of the glacial
sediments in the area immediately surrounding
Williams Lake. Several regional studies were
completed for portions of northwestern and central
Minnesota. Several lithostratigraphic studies describe
and correlate sedimentary units and regional Late
Wisconsin glacial events (Anderson, 1976; Harris,
1975; Martin and others, 1989, 1991; Perkins, 1977;
Sackreiter, 1975). The area south of the Itasca
moraine was the focus of two regional investigations
of stratigraphy, sedimentology, and glacial history
(Goldstein, 1985; Mooers, 1988).

Recent regional (Dobbs and Mooers, 1990;
Mooers and others, 1990) and more detailed local
investigations (St. George, 1994) have led to signifi-
cant revisions of the general glacial history of this
area. The discussion below focuses on a general
description of the Itasca/St. Croix moraine interlobate
area and summarizes the results of recent investiga-
tions.

MORPHOLOGY AND SEDIMENTOLOGY
OF THE ITASCA / ST. CROIX MORAINE
INTERLOBATE AREA

The Itasca moraine is highest along its central
axis, which trends west-northwest to east-southeast.
From the central crest the moraine slopes downward in
both the upglacier (north) and downglacier (south)
directions (fig. 1). A short distance to the west of the
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Figure 1. Topography of a portion of the Itasca moraine and vicinity. ltasca/St. Croix moraine interlobate area of figure 2 is
indicated by dashed line. Location of study area is shown on figure 3.

study area, the crest of the Itasca moraine reaches an
elevation of 605 m, 150 to 200 m higher than terrain a
few km to the north or south. The topography is
extremely rugged and poorly drained, with hundreds
of lakes and thousands of smaller ponds and wetlands.
The crest divides the moraine into two regions
of contrasting morphology and sedimentology. The
proximal (northern) part of the system is a hummocky
terrain composed largely of flow tills, ice-contact
sands and gravels, isolated ice-walled lake plains,
inverted deltas, and small, isolated outwash plains.

This region is very poorly drained, and there is no
evidence that a well-developed surface drainage
system existed during formation of the moraine.

The distal facies of the moraine also consists of
hummocky terrain but is composed of basal and
superglacial till, flow till, and glacial thrust systems
capped by a thick sequence of collapsed glaciofluvial
sands and gravels (Mooers, 1990; Mooers and others,
1990; St. George, 1994). This part of the moraine is
also characterized by stagnation features, but the
landforms are strikingly different from those of the



proximal facies. An integrated drainage network
consisting of large, kilometer-wide surface channels
and chains of ice-walled lake plains connected by
rivers served as drainageways for glacial meltwater.
Numerous north-south-trending, subglacially-carved
tunnel valleys are now expressed as long valleys often
containing chains of lakes (Wright, 1993).

The St. Croix moraine ranges in width from 5 to
7 km and is composed of hummocky stagnation
topography similar to the proximal facies of the Itasca
moraine; the relief is much less, however. Sedimen-
tary assemblages include interbedded gravel, sand, till,
and lacustrine sediments.

SURFICIAL GEOLOGY OF THE
ITASCA/ST. CROIX MORAINE
INTERLOBATE AREA

A landform-based surficial geologic map of the
Itasca/St. Croix moraine interlobate area was compiled
from the work of Norton (1983), Mooers (1988),
Mooers and others (1990), Wright (1993), and Mooers
(unpub. data) (fig. 2). Landforms identified by their
distinctive morphology and internal sedimentology
and stratigraphy are classified by the parent glacial
lobe, the phase of the parent lobe (Wright and Ruhe,
1965), and the landform type.

The topographically higher central axis of the
Itasca moraine trends eastward from Mantrap Lake
through Lake Alice (fig. 2). The crest then trends
toward the southwest and runs along the west side of
Shingobee Lake where it turns toward the southeast.
Williams Lake lies approximately on this crest. The
hummocky topography on either side of the crest
comprises the most extensive morainic unit (Wis, fig.
2). Much of this ice-stagnation complex consists of
flow till, ice-contact sand and gravel, and lacustrine
sediments in complexly interbedded sequences. In
addition to this ice-stagnation complex, much of the
moraine is composed of laterally extensive collapsed
outwash deposits. It is difficult, however, to trace
these outwash plains to specific ice margins because of
their highly collapsed nature, resulting from the
meltout of an underlying relatively continuous blanket
of glacial ice.

A striking group of subparallel ridges (Wis¢ on
fig. 2) that form a local high occurs in the north-central
part of the study area within the ice-stagnation
complex. Based on their morphology, these features

were identified as glaciotectonic features and referred
to as transverse compressional ridges (Sackreiter,
1975). However, the ridges are composed of coarse-
grained glacial outwash and appear to be glaciofluvial
in origin (S.L. Emery, unpublished data, 1993).

The distal portion of the Itasca moraine complex
is composed mainly of collapsed outwash (pitted
outwash) (Wioy,, fig. 2). In this area an extensive
blanket of sand and gravel, locally more than 30 m
thick, was deposited over slowly moving or stagnant
ice near the glacier margin. Subsequent meltout
resulted in the hummocky nature of this landform.
This geomorphic assemblage differs from the
collapsed outwash deposits within the stagnation
complex (Wis), as the surfaces of the outwash plains
can be more easily reconstructed. Within the
collapsed outwash, large supraglacial outwash
channels can be identified (Wio,, fig. 2).

The St. Croix moraine consists predominantly
of hummocky stagnation topography (Rss), and
collapsed outwash composes a relatively small portion
of this landform assemblage. Glacial thrust features
are present within the St. Croix moraine (Rss,, fig. 2)
(Mooers, 1988, 1990) and are expressed as hill-hole
pairs similar to those described by Moran and others
(1980). One located a few km east of the study area
contains blocks of local bedrock (Mooers, 1990). A
series of thrust systems associated with Stony Lake,
Pleasant Lake, and Four Point Lake have been named
the Pleasant Lake moraine (fig. 2), a minor recessional
moraine of the Rainy lobe (Mooers, 1988).

Along the outer margin of the Itasca and St.
Croix moraines is a series of large, coalescing outwash
fans forming the Park Rapids (Wio) and Oshawa (Rso)
outwash plains (Norton, 1983). The particle size of
the sediment within these outwash deposits decreases
rapidly away from the head of the fans.

Throughout the area, conspicuous chains of
lakes outline the numerous tunnel valleys, which
represent an englacial or subglacial conduit system
that served to drain meltwater from the ice surface.

The Crow Wing outwash terrace occupies a
broad valley extending from Leech Lake toward the
southwest along the Crow Wing chain of lakes (fig. 2).
The development of this outwash plain and its signifi-
cance are discussed below.
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LATE WISCONSIN GLACIAL HISTORY OF
THE ITASCA/ST. CROIX MORAINE
INTERLOBATE AREA

The modern glacial history was established
largely through the work of Wright (1954; 1957a;
1957b; 1964; Wright and Ruhe, 1965). The first
extensive glacial advance of Wisconsin age was that of
the Hewitt phase of the Wadena lobe. The ice
advanced to the southwest through the prominent
topographic low northeast of the Itasca/St. Croix
Moraine interlobate area. The ice may have formed
much of the Alexandria moraine complex at this time
(Wright, 1972), although Goldstein (1985, 1989)
identified a belt of stagnation topography along the
northeastern margin of the Alexandria moraine in
central Minnesota that may mark a recessional
position of the lobe during formation of the Wadena
drumlin field. Because of the abundance of Paleozoic
limestone in the drift, the source of the Wadena lobe
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was thought to be the Winnipeg lowland to the
northwest (Wright, 1957b). The orientation of
drumlins in the large Wadena drumlin field (fig. 3) is
inconsistent with a northwestern source region, so
Wright (1957b) postulated that the advancing Wadena
lobe was diverted to the southwest by an ice mass in
northeastern Minnesota. Recent workers have
presented evidence that the Wadena lobe originated in
the Hudson Bay area (Goldstein, 1985, 1989; Martin
and others, 1989; Gowan, 1993). The source of the
carbonate is still problematic; Goldstein (1985, 1989)
suggested that the carbonate was derived by erosion of
underlying carbonate-rich drift, whereas Gowan
(1993, p. 84) could find no geochemical evidence for
mixing. Limestone is the predominant component of
the Paleozoic stratigraphy in the Hudson Bay basin,
and geochemical analyses of the drift matrix are
consistent with a northeastern provenance (Gowan,
1993).
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Figure 3. (A) Hewitt phase of the Wadena lobe, (B) Itasca/St. Croix phases of the Wadena and Rainy lobes.



The age of the Hewitt phase is uncertain
(Clayton and Moran, 1982; Matsch and Schneider,
1986; Wright, 1993); however, an abundance of
stagnant ice related to the Hewitt phase was buried by
outwash from the subsequent Itasca and St. Croix
phases of the Wadena and Rainy lobes (Goldstein,.
1985; Norton, 1983), suggesting that the events may
not have been separated by a lengthy period.
Landforms described by Goldstein (1985, 1989)
indicate that the Wadena lobe may have stagnated and
wasted vertically downward rather than undergoing a
systematic retreat following the Hewitt phase. In any
case the next glacial phase is the advance and stabili-
zation of the Wadena and Rainy lobes at the Itasca and
St. Croix moraines (fig. 3), respectively. Wright
(1972) suggested that the ice advance during the
Itasca/St. Croix phase occurred about 20,500 years
before present (BP), whereas Clayton and Moran
(1982) suggested a somewhat younger date of about
15,500 years BP.

Following the Hewitt phase, stagnant ice
remained in the Itasca/St. Croix moraine interlobate
area and was subsequently buried by outwash
deposited during the Itasca/St. Croix phase. The
tunnel valleys identified in the interlobate area extend
beyond the limits of the Itasca and St. Croix moraines;
therefore, they were most likely associated with
Hewitt phase glaciation (fig. 3). It is probable that the
presence of stagnant ice of the Hewitt phase played an
important role in controlling the flow direction of the
Wadena and Rainy lobes during the Itasca/St. Croix
phase and therefore controlled the position of the
interlobate junction between the moraines.

The length of the stand of Wadena and Rainy
lobes at the Itasca and St. Croix moraines is unknown.
However, the Rainy lobe retreated while the Wadena
lobe remained at its maximum limit (Norton, 1983;
Mooers, 1988). Outwash from the Itasca moraine
flowed southward east of the St. Croix moraine
(Norton, 1983), and coalescing outwash fans from
Wadena and Rainy lobes formed in the vicinity of
Pleasant Lake (Mooers, 1988) (fig. 2). The Wadena
lobe was apparently still at or near its maximum when
the Rainy lobe had retreated to the Outing moraine 50
km to the east of the Itasca/St. Croix moraine interlo-
bate area (Mooers, 1988).

The topographically high axis of the Itasca
moraine represents the area of maximum accumula-
tion of debris on the glacier surface and presumably
the position of the active margin during maximum
glacier activity (Mooers and others, 1990). As the
active ice margin retreated northward, meltwater
ponded between topographically high portions of the

morainic axis and the active ice margin. These
temporary glacial lakes commonly can be identified by
the presence of fine-grained sediment, particularly
silts, although the morphology of the lake basins was
destroyed by subsequent meltout of stagnant ice. The
Shingobee Lake area is characterized by fine-grained
sediment that may represent accumulation in one such
ice-marginal lake, and the areas of map units Wio_ and
Wis in figure 2 contain numerous other examples of
lacustrine sediments deposited by these temporary
lakes.

The surface of the Wadena lobe, and to a lesser
degree the Rainy lobe, drained by a series of englacial
and subglacial meltwater channels (Mooers and
others, 1990; Wright, 1993). This system of englacial
and subglacial conduits was similar to subsurface
channels found in karst terrains. This karst-like
system continued to serve as an active subsurface
drainage network during the retreat of the ice to more
northerly positions within the moraine and probably
served to drain water from the area for a substantial
period of time after final retreat of glacial ice because
of melting of buried ice. The courses of these conduits
are readily identifiable as troughs that now contain
chains of lakes (Wright, 1993).

During the late stages of the formation of the
Itasca moraine, many of these englacial and subglacial
conduits discharged onto the surface of the debris-
covered stagnant ice of the distal portion of the
moraine as fountains, similar to modern drainage
systems on the Malaspina Glacier in Alaska
(Gustavson and Boothroyd, 1987). Mantrap Lake
represents the location of one such discharge area.
Tunnel valleys lead into Mantrap Lake from the north
(Wright, 1993) and an anastomosing network of
surface meltwater channels lead away from the lake to
the south (fig. 2).

The interlobate area became a focus for
meltwater draining from the ice surface, resulting in
the predominance of glaciofluvial sediment and
landforms indicating large volumes of water (outwash
plains, eskers, and tunnel valleys). The Crow Wing
outwash plain drained meltwater from the Wadena
lobe and from the melting stagnant ice within the
Itasca moraine throughout the episode of moraine
formation. This meltwater channel was also occupied
after the ice retreated to the north of the Itasca
moraine; it is the only large meltwater channel that
traverses the moraine from north to south. The Crow
Wing chain of lakes formed as blocks of buried ice
melted following the abandonment of the meltwater
channel.
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Physiographic and Geologic Characteristics of the
Shingobee River Headwaters Area

By Thomas C. Winter and Donald O. Rosenberry

INTRODUCTION

Williams Lake was selected in 1977 for long-
term study by the U.S. Geological Survey's Hydrology
of Lakes Project because of its physiographic and
climatic setting (Siegel and Winter, 1980). The
selection of this lake was prompted by results of
numerical models of hypothetical settings that
indicated the interaction of lakes and ground water
varied greatly depending on the geologic and climatic
settings of the lakes. To evaluate the applicability of
the model results to actual lakes, it was decided that
field sites needed to be established in different
hydrogeologic and climatic settings. Furthermore, the
sites needed to be developed using a common concep-
tual framework and uniform methods to facilitate
intersite comparison.

After consideration of a number of sites,
Williams Lake was determined to be an appropriate
setting because it is underlain by a geologic
framework that was likely to have ground-water flow
systems of local, intermediate, and regional scale,
which is important in assessing the physical and
chemical hydrologic processes associated with lakes.
The lake and its drainage basin are underlain by thick
deposits of glacial drift that were deposited by ice
lobes from different sources (Mooers and Norton, this
volume), resulting in the drift having contrasting
hydraulic and mineralogic characteristics. Further-
more, the lake is located where precipitation is approx-
imately equal to evaporation, in contrast to the sites of
similar studies in Nebraska, North Dakota, and
Wisconsin.

The purpose of the geologic studies of the
Shingobee River Headwaters Area is to determine the
three-dimensional geologic framework that affects the
surface-water and ground-water processes within the
study area.

Six test holes ranging in depth from 116 to 148
m were drilled by the mud-rotary method. Borehole
geophysical logs were made by the Minnesota
Geological Survey in four of the holes and by the U.S.
Geological Survey in two of the holes. The types of
logs included electric (spontaneous potential and
resistivity), gamma, and density (gamma gamma).
Several dozen shallower test holes, as deep as 45 m,
were drilled by power auger; most were drilled in the
southern part of the study area near Williams Lake.
Soils were mapped by hand augering to depths of a
meter, or less, throughout the Williams Lake
watershed.

PHYSIOGRAPHIC FEATURES

Physiographic features of the Shingobee River
Headwaters Area are the result of glacial deposition
(Mooers and Norton, this volume). This type of
terrain is characterized by hummocky topography,
where the drainage network has not yet fully
developed, and numerous isolated lakes and wetlands
are common. The general study area is located on a
small topographic ridge that extends south from the
much larger east-west-trending Itasca moraine (see fig.
1). The ridge forms a surface-water divide between
the Mississippi River and Crow Wing River drainage
basins. Crystal Lake, which has no surface-water
inlets or outlets, lies near the drainage divide. Seepage
from Crystal Lake moves through the ground-water
system to Williams Lake. The Shingobee River begins
as a seep in a wetland southwest of Williams Lake.
The river then connects a series of lakes (Doe, Mary,
Island, and Steel, plate 1) before entering Shingobee
Lake. Therefore, the Shingobee River Headwaters
Area is defined by both surface-water and ground-
water watersheds; it includes a number of contiguous
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watersheds that extend north from the Crystal Lake
watershed to the outlet of Shingobee Lake (plate 1).

Physiographic characteristics of the Shingobee
River Headwaters Area that are of direct interest to the
present-goals of the Interdisciplinary Research Initia-
tive (Averett and Winter, this volume) are those
landscapes contiguous to the principal surface-water
bodies being studied: Williams Lake, Shingobee Lake,
the Shingobee River, and the Little Shingobee Fen.
For example, for purposes of watershed modeling and
ground-water modeling, the overall relief and
landslope are important physiographic characteris-
tics. Topographic relief of the Shingobee River
Headwaters Area is about 67 m. Although the highest
point in the study area, 472 m (1,550 ft), is a hilltop
east of Steel Lake (plate 1), the largest area of high
ground, greater than 442 m (1,450 ft) in altitude, is in
the southern part of the area near Crystal, Williams,
and Doe Lakes. The lowest altitude in the area is the
surface of Shingobee Lake, at an altitude of about 405
m (1,329 ft).

The terrane around Williams Lake is relatively
gently sloping. The steepest slopes near the lake are
on the east and southeast sides of the lake. On the east
side of the lake, the land slopes at 0.051 m/m from a
hilltop altitude of 463 m (1,520 ft) to Williams Lake.
The steepest slope directly adjacent to Williams Lake
is a small area on the southeast side, where the slope is
0.097 m/m. In contrast, slopes in the northern and
topographically lower part of the study area adjacent
to Shingobee Lake are much steeper.

Around the periphery of Shingobee Lake, the
land generally slopes about 0.228 m/m from hilltops to
the lake. Similarly, the Shingobee River is incised
more than 21 m into a steep-walled valley that has side
slopes of about 0.15 m/m. Little Shingobee Fen also is
bounded by similarly steep slopes on its east, south,
and part of its west sides, but it is bounded by a gentle
slope to the northwest, where it is contiguous to Little
Shingobee Lake. Little Shingobee Fen is only about
305 m west of the Shingobee River, but it is separated
from the river by a ridge that is 15 to 18 m high.

The contrast in physiography between the
higher (southern) and lower (northern) parts of the
Shingobee River Headwaters Area is explained by
differences in the geologic substrate across the area.
The northern part of the area is underlain by silt and
very fine sand, which maintains steeper land slopes
than does the sand and gravel substrate in the southern
part.
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GEOLOGIC DEPOSITS

The glacial stratigraphy in the southern part of
the study area in the vicinity of Williams Lake (fig. 4;
see plate 1 for location of lines of section) consists of
alternating units of sand and gravel and till. The
surficial unit is primarily sand, but it also contains
beds and lenses of materials ranging in size from silt to
gravel. In addition, Seaberg (1985) mapped marl
deposits 6 m above the present level of Williams Lake
on the east and southwest sides. In general, particle
sizes in the surficial sand unit become coarser with
depth. This is evident west of Williams Lake, where
silt and silty fine sand are common near land surface,
but the deposit is largely coarse sand and gravel near
its base (fig. 4). The basal coarse sand and gravel is
continuous from beneath the northern part of Williams
Lake to Mary Lake.

The till underlying the surficial sand is poorly
sorted, the matrix consists of silt and clay, and it
contains sand-size through boulder-size rocks. The till
varies in color from gray to red-brown. Sand units are
common within the till, but it is difficult to determine
if they are areally extensive. It is conceivable that a
relatively thick sand unit in the two deepest test holes
at Williams Lake may be continuous. A thick unit of
till underlies this sand unit. Bedrock was not
penetrated in any of the test holes drilled in the
Williams Lake area.

Glacial deposits in the northern part of the study
area are not as easy to correlate as they are in the
southern part near Williams Lake. Each of the three
deep test holes drilled near Shingobee Lake had
considerably different stratigraphy. At the deepest test
hole drilled, Florence, which was drilled to a depth of
178 m, a thin surficial sand overlies a thin till unit
(figs. 5 and 6). These two shallow units are underlain
by a thick sand unit, which in turn is underlain by a
thick till unit that extends to bedrock. At test hole
Mabel (fig. 6), till was penetrated only after drilling
through 98 m of sand. At test hole Stenberg (fig. 5), a
thin deposit of sand is underlain by 61 m of silt and
clay, which is underlain by a thick sand unit. Till was
not penetrated in this test hole. Although the identifi-
cation of bedrock is less certain in test hole Stenberg
than it is in test hole Florence, this test hole probably
also reached Cretaceous bedrock, but at a shallower
depth than at test hole Florence.

The fluvial deposits in the northern part of the
study area are considerably more fine grained than the



fluvial deposits in the southern part. The steep land
slopes in the northern part of the study area are typical
of landscapes developed on fine-grained deposits.
These deposits become coarser with depth, as they do
in the southern part of the study area. However, only
in the lowest 46 m of sand at test hole Mabel does the
sand become as coarse and gravelly as is found at
depth in the southern part. Particle sizes also differ
areally in the northern part of the study area. East of
Shingobee Lake and Shingobee River, at test holes
Florence, T4, and Mabel, (figs. 5 and 6) the uppermost
fluvial deposits are primarily fine sand, but they
include some silt units. West of Shingobee River and
west and north of Shingobee Lake, at test holes
Stenberg and T-1, the uppermost fluvial deposits are
primarily silt. The finest grained deposit in the entire
Shingobee River Headwaters Area is the thick clay and
silt deposit at test hole Stenberg. This deposit covers
an area of at least several hectares, as indicated by the
presence of a clay pit several hundred meters from the
test hole on the Stenberg property that was once mined
for making bricks.

Glacial deposits in the Steel Lake area and along
the Shingobee River between Steel Lake and
Shingobee Lake also are fine grained, as indicated by
the steep banks along the Shingobee River valley. A
geologic feature unique to the Shingobee River valley
along the reach from Steel Lake to Shingobee Lake is
the presence of a thin till unit at a shallow depth. The
upper surface of this till is at a higher altitude than the
Shingobee River (fig. 5, test hole Florence). The till
underlies a thin surficial sand unit, resulting in many
seeps along this reach of the Shingobee River valley at
the sand-till contact . (See Triska and others, this
volume, and Triska and Duff, this volume, for discus-
sion of physical and chemical processes associated
with one of the seeps.) :

Until this investigation, characteristics of
bedrock were unknown in the Shingobee River
Headwaters Area because no wells had penetrated to
bedrock in this part of Minnesota. The great thickness
of permeable glacial drift has made it unnecessary to
drill as deep as bedrock for water supplies. Bedrock at
the Florence test site is white kaolin clay (fig. 5),
probably a weathering product of Precambrian granite.
About 11 m of unconsolidated deposits that are
probably Cretaceous in age overlies the white clay.
The rock presumed to be bedrock at the Stenberg test
site is a blue-green clay containing white and black
rock fragments (fig. 5).

PHYSICAL CHARACTERISTICS OF
SELECTED SURFACE-WATER BODIES

The surface-water features currently of interest
to study participants are Williams Lake, Shingobee
Lake, the Shingobee River between Steel Lake and
Shingobee Lake, and the Little Shingobee Fen.
Comparison of physical characteristics of Williams
Lake and Shingobee Lake (table 1 and fig. 7) is of
particular interest because of the underlying premise
of the IRI effort (see Averett and Winter, this volume).
Both lakes have about the same maximum depth, but
the area of Shingobee Lake is about 67 percent greater,
and the volume of Shingobee Lake is nearly 100
percent greater than Williams Lake. The drainage
basin of Shingobee Lake, excluding the lake and the
drainage basin area of the inflowing Shingobee River,
is only 25 percent larf;er than the drainage basin of
Williams Lake.

The geology of the littoral zones of the two
lakes also differs. The littoral zone of Williams Lake
generally is sandy, but thin zones of silt and clay are
present in limited areas of the east, north, and west
sides. A clay zone along the northwest shore of the
lake is partly responsible for a steep water-table
gradient away from the lake in this vicinity. The
littoral zone of Shingobee Lake reflects the fine-
grained character of the adjacent hillsides. This type
of geologic setting commonly results in discrete zones
of spring inflow, as is the case along the periphery of
Shingobee Lake. Characteristics of the lacustrine
sediments in the two lakes are discussed by Locke and
Schwalb (this volume).

The Shingobee River is a relatively small
stream, generally only a meter or two wide and less
than half a meter deep. The streambed is sand in most
places. Discharge of the river is relatively uniform,
usually ranging between 0.1 and 0.2 m3/sec. The river
has a number of beaver dams both upstream and
downstream from Shingobee Lake. Between the
source of the Shingobee River near Williams Lake and
Steel Lake, the river consists of short segments that
connect a series of lakes and wetlands. Physiography
of the drainage basins constituting this upper segment
of the river (upstream from Steel Lake) is considerably
different than the deep valley in which the river flows
between Steel Lake and Shingobee Lake. In this upper
segment, the topography has gentler slopes, similar to
that described for the Williams Lake area.
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Table 1. Comparison of selected physical and hydrologic characteristics of Shingobee and Williams Lakes

Characteristic

Shingobee Lake

Williams Lake

Lake surface area
Lake maximum depth
Lake volume

Lake residence time

Watershed area contiguous to lake

65.6 hectares
11 meters
40.2 x 10° cubic meters

about 6 months

39.3 hectares
10 meters
204 x 105 cubic meters

about 3 years

(excluding lake) 222 hectares 177 hectares
Surface-water inlet Shingobee River none
Typical discharge at inlet 0.1 to 0.2 cubic meter per second none
Surface-water outlet Shingobee River none
Typical discharge at
outlet 0.11 cubic meter per second none
REFERENCES Siegel, D.I., and Winter, T.C., 1980, Hydrologic setting of

Averett, R.C. and Winter, T.C., 1997, History and status of
the U.S. Geological Survey Interdisciplinary Research
Initiative in the Shingobee River Headwaters Area:
This volume, p. 1-2.

Locke, Sharon M. and Schwalb, Antje, 1997, Sediment
stratigraphy and paleolimnological characteristics of
Williams and Shingobee Lakes: This volume,

p. 187-192.

Mooers, H.D., and Norton, A.R., 1997, Glacial landscape
evolution of the Itasca/St. Croix moraine interlobate
area, including the Shingobee River Headwaters Area:
This volume, p. 3-10.

Seaberg, ].K., 1985, Geohydrologic interpretation of glacial
geology near Williams Lake, central Minnesota, with
emphasis on lake-groundwater interaction: Minneap-
olis, Unversity of Minnesota, M.S. thesis, 141 p.

Williams Lake, Hubbard County, Minnesota: U.S.
Geological Survey Open-File Report 80-403, 56 p.

Triska, F.J., Duff, ].H., Avanzino, R.J., and Jackman, A.P,,
1997, Physical and chemical properties of waters at the
interface between a bankside ground-water seep and
the channel of the Shingobee River: A preliminary
analysis under base-flow conditions: This volume, p.
149-154.

Triska, F.J. and Duff, J.H., 1997, Sediment associated
nitrification and denitrification potentials at the
interface between a bankside ground-water seep and
the channel of the Shingobee River: This volume,

p. 155-160.
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Hydrology of the Shingobee River Headwaters Area

By Donald O. Rosenberry, Thomas C. Winter, Dennis A. Merk, George H. Leavesley and

Larry D. Beaver

INTRODUCTION

The determination of accurate water budgets is
an important component of understanding lake
hydrology. Selection of two lakes in the same
watershed, one interacting with a stream and the other
not, provides an ideal situation for testing some of the
concepts of how lakes are affected by hydrologic
fluxes. While all of the hydrologic fluxes that interact
with a lake are of interest to the Interdisciplinary
Research Initiative (IRI) effort, ground-water fluxes
are the most difficult to quantify and are of special
interest. Numerical models of ground-water flow near
surface water indicate the interaction of ground water
and surface water is spatially complex and temporally
dynamic. Hydrogeologic setting affects the spatial
complexity and temporal dynamics, and the latter also
are affected by climate. The Shingobee River
Headwaters Area provides a suitable field site to test
(1) the effect of a highly variable hydrogeologic
setting on the distribution of hydraulic head near lakes,
(2) the importance of ground-water fluxes to a lake
budget relative to other hydrologic fluxes, and (3) the
importance of the geologic framework to design and
calibration of ground-water flow models.

Several hypotheses regarding hydrologic fluxes
can be tested at the paired-lake study site:

1. A closed lake is more likely to be affected by
its interaction with ground water than an open lake.

2. Evaporation is a more significant component
of a lake water budget for a closed lake than an open
lake.

3. Small-scale reversals of flow at the edges of
lakes are caused by focused recharge and evapotrans-
piration from ground water.

To test these and other hypotheses, it was
necessary to obtain accurate water budgets for

Williams and Shingobee Lakes. Components of these
budgets are compared with respect to the relative
significance of each component to the lake water
budget. Processes related to ground-water flux to and
from lakes as well as ground-water recharge to lake
basins also are investigated. The longer term data set
for Williams Lake is used to indicate response of lake
stage and hydrologic fluxes to variable climatic
conditions.

METHODS

Precipitation at Williams Lake has been
monitored with a tipping-bucket rain gage during
open-water seasons since 1979. Weighted-average
values from three nearby National Weather Service
stations were used to provide data during periods of
missing site data and during winter months. Since
1989, precipitation has been monitored year round
with weighing-bucket gages at Williams and
Shingobee Lakes (plate 1). When winter data were
suspect because of problems associated with accurate
measurement of snowfall, National Weather Service
data were used.

Evaporation using the energy-budget method
was determined at Williams Lake for 1982-86 and at
Shingobee Lake from 1989 to the present (1996). A
mass-transfer coefficient was determined using
energy-budget evaporation data, and evaporation rates
using the mass-transfer method were determined for
1980-91 for Williams Lake.

Discharge of the Shingobee River into
Shingobee Lake is monitored with a Parshall flume
installed 500 m upstream from the lake. Another
Parshall flume provides discharge data from a tributary
stream that flows from Little Shingobee Lake into the
Shingobee River downstream from the main-stem
flume but upstream from Shingobee Lake (plate 1).
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Because of inaccessibility to the outlet of Shingobee
Lake, the stream cannot be gaged until it crosses a
county road 2.4 km downstream from the lake. At that
location, stream stage is monitored and a stage-
discharge relationship is used to provide discharge
data.

In the Williams Lake watershed, 80 wells
provide data on water-table fluctuations. Piezometer
nests provide information on the vertical distribution
of hydraulic head at three locations within the
Williams Lake watershed. In the vicinity of
Shingobee Lake, three piezometer nests and seven
water-table wells provide information on hydraulic
heads.

Ground-water fluxes to and from Williams and
Shingobee Lakes were determined using the Darcy
equation: Q = KIA, where Q = ground-water flux
(L*T), K = hydraulic conductivity (L/T), I = hydraulic
gradient (dimensionless), and A = cross-sectional area
of flux (L?). Hydraulic gradients were determined by
the difference between heads at individual wells and
lake stage divided by the distance between the well
and the lake. Three wells (locations shown on plate 1)
were used to provide data for estimates of ground-
water flux to Shingobee Lake. All wells indicate a flux
of ground water into Shingobee Lake. Eight wells
(locations shown on plate 1) were used to provide data
for estimates of ground-water flux to and from
Williams Lake; five indicate seepage to Williams
Lake, and three indicate seepage from the lake. The
cross-sectional area through which ground water flows
to or from the lakes was determined based on informa-
tion from well logs, test holes, and near-shore
sediment cores. Hydraulic conductivity of the glacial
drift was determined from slug tests of wells.
Hydraulic-head data at the wells were collected
weekly during spring, biweekly during summer and
fall, and monthly during winter.

HIGHLIGHTS OF RESULTS

Hydrologic data presented for Williams Lake
are the average values for 1980-91. Errors are
assumed to be 5 percent for precipitation and change
in storage, 10 percent for streamflow, 15 percent for
evaporation, and 50 percent for ground-water fluxes.
Values for Shingobee Lake are estimated using data
collected in 1990 and 1991. Changes in storage for
Shingobee Lake are assumed to be zero to ignore the
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changes in stage caused by a beaver dam at the outlet.
Errors for Shingobee Lake fluxes are likely much
larger than for Williams Lake due to fewer data-
collection sites and a shorter data-collection period.
Ground-water-flux values for both lakes are subject to
the greatest errors because of the variability in
geologic properties in the lake watersheds, and in the
case of Shingobee Lake, because of few wells to
characterize both geologic variability and ground-
water gradients near the lake.

Hydrologic fluxes to and from Williams and
Shingobee Lakes are shown in figure 8. Pie sizes in
figure 8 indicate the relative magnitude of the average
annual hydrologic fluxes to and from each lake; total
fluxes to and from Shingobee Lake were about 8 times
the total fluxes to and from Williams Lake. Stream-
flow dominated the hydrologic fluxes to and from
Shingobee Lake, whereas ground water dominated the
hydrologic fluxes to and from Williams Lake,
supporting hypothesis 1. At Shingobee Lake, stream-
flow contributed about 72 percent of all fluxes to the
lake and about 96 percent of all fluxes from the lake.
Ground water seeped into the lake on all sides and is
estimated to contribute about 24 percent of fluxes to
the lake. Seepage to Shingobee Lake is concentrated in
numerous springs along much of the shoreline.
Evaporation caused 22 percent of fluxes from
Williams Lake and 4 percent of fluxes from Shingobee
Lake, supporting hypothesis 2.

Ground water flowed into Williams Lake along
the south and east shorelines of the lake, and lake
water flowed into the ground-water system along the
north and west shorelines. Flow into the lake occurred
along 45 percent of the lakeshore, and flow out of the
lake occurred along 55 percent of the lakeshore.
Ground-water fluxes at Williams Lake are estimated to
be 65 percent of all fluxes to the lake, and 75 percent
of all fluxes from the lake (fig. 8). Lithologic logs
from numerous wells and test holes indicate consider-
able variability in the type and distribution of geologic
materials in the Williams Lake watershed (Winter and
Rosenberry, this volume), which makes it difficult to
accurately measure ground-water fluxes. In general,
the glacial drift near Williams Lake is relatively more
conductive than the drift near Shingobee Lake, and
this higher hydraulic conductivity allows diffuse fluxes
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of ground water, there are no visible springs in or near
Williams Lake.

Occasionally the gradient between the lake and
ground water reverses along shoreline reaches of
Williams Lake where water normally seeps out of the
lake; a temporary ground-water recharge mound
directly downgradient from the lake drives the
reversals in direction of flow. This water-table config-
uration has been observed at two sites along the
western and northwestern shorelines of the lake
(Rosenberry, 1985). This configuration generally is
short-lived, lasting from one to two weeks, and is
caused by above normal precipitation after a
prolonged wet period. These temporary flow reversals
likely have little effect on the lake water budget.

If all data were error free, fluxes into a lake
would equal fluxes out of a lake plus or minus change

in storage. This clearly is not the case for Williams
Lake (fig. 8). Fluxes into Williams Lake were only 41
percent of the water budget, and since change in
storage was 1 percent, the excess of fluxes out of the
lake was 8 percent. Assuming all of the error is in the
ground-water estimates, the ground-water-in term
would have to be increased by 53 percent, or the
ground-water-out term decreased by 33 percent, to
balance the total fluxes. Fluxes into Shingobee Lake
totaled 50 percent of all fluxes to and from the lake,
indicating that the initial estimates are close to
balancing. However, this probably is fortuitous
considering the uncertainties in the stream discharge
measurements associated with the outlet gage. The
gage is located 2.4 km downstream from the lake and
is affected by hydrologic fluxes along the stream reach
between the lake and the gage.
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Shingobee Lake stage is controlled by a large
beaver dam located downstream from the lake.
Therefore, variability of lake stage is not necessarily
an indicator of recent hydrologic events. In contrast,
Williams Lake stage is relatively sensitive to
variability in hydrologic fluxes to and from the lake.
Williams Lake stage typically goes through a cycle of
rising stage during spring and early summer, falling
stage during mid-summer to early fall, rising stage
during mid- to late fall, and a stable to slightly rising
stage during winter (fig. 9). This annual stage fluctua-
tion pattern is common in closed-basin Minnesota
lakes and has been shown to be typical of soil-
moisture conditions in Minnesota as well (Baker and
others, 1979). During a normal year, lake stage fluctu-
ates from a low of 421.47 m in September to a high of
421.57 m in June, a range of 0.10 m.
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Figure 9. Normal monthly precipitation (1961-90 averages)
and normal monthly Williams Lake stage (1980-87
averages).

Average precipitation, as determined using
1961-90 weighted-average data from the three nearby
National Weather Service sites, also is shown in figure
9. During an average year Williams Lake receives
about 64 cm of precipitation. Nearly one-half of the
annual precipitation occurs during June through
August, and two-thirds of annual precipitation occurs
from May through September. During 1980-87,
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monthly evaporation commonly exceeded precipita-
tion in July, August, and September, which caused the
lake-stage decline during that portion of most years.

The stage of Williams Lake has fluctuated over a
range of about 1 m during the 14-year period from
1978 to 1991 (fig. 10). Monthly cumulative departure
from normal precipitation (CDNP) during this time
also is shown in figure 10. If precipitation were
normal for each month of a year, the CDNP curve
would plot as a straight horizontal line during that
year. The slope of the CDNP line is positive during
wetter-than-normal periods and negative during drier-
than-normal periods.

Both lake stage and CDNP indicate a dry period
during 1979-80, a wet period during 1981-82, a wet
period during 1985-86 and a much drier than normal
period during 1987-91 (fig. 10). The wet period
during 1985-86 caused lake stage to increase by more
than 0.4 m, and the dry period from 1987 through
1991 caused lake stage to decline by more than 0.8 m.
From 1978 through 1986, the precipitation total was
normal, but from 1987 through 1991 the IRI site
received 64 fewer centimeters of precipitation than
normal. The greatest deficit occurred during 1990,
when the site received less than one-half its normal
precipitation. From 1986 through 1991, the volume of
water in Williams Lake declined by almost 14 percent
(LaBaugh and others, 1995) in response to the drier
than normal climatic conditions.

The magnitude of climatic and hydrologic
variability observed during this study can be compared
to a longer period of record using a climate indicator
such as the Palmer Drought Severity Index (PDSI).
The PDSI is a measure of the severity of agricultural
drought (Palmer, 1965), but it also is used to identify
and quantify periods of wetness. Monthly PDSI data
were available from 1898 to the present. PDSI data
for northern and especially northwestern Minnesota
indicate that the drought during the late 1980's and
early 1990's was the most severe drought since the
1930's. The PDSI data also show a wet period from
1982 to 1986 that was the longest nearly uninterrupted
wet period since the mid-1960's. Based on compar-
ison with the nearly 100-year PDSI record, it appears
that climatic fluctuations during the period of investi-
gation have been relatively large. Williams Lake stage
may have risen to stages higher than observed during
the study period, but it is likely that, during the past
100 years, Williams Lake stage has not dropped much
lower than that observed during the period of investi-
gation.



An additional process that may act to enhance
lake-stage drop during mid- to late summer is near-
shore transpiration. During the daytime hours from
about June through September, in-lake seepage-
measurement transects commonly indicated a gradient
from the lake along sections of shoreline where
ground-water-level data from wells away from the lake
indicated a gradient to the lake. It is likely that these
gradients out of the lake represent small, local ground-
water flow paths created by transpiration from trees
and shrubs growing near the lake. This process has
not yet been quantified and is not accounted for in the
water budgets for either of the study lakes, but it could
amplify lake-stage declines during summer months.
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Modeling Temperature and Evaporation

of Williams Lake

By Steven W. Hostetler

INTRODUCTION

Thermal properties, associated energy and
hydrologic balances, and the surface meteorology of
Williams Lake have been measured since 1979. From
these measurements, accurate estimates of the surface
energy budget (SEB, comprising solar radiation,
atmospheric radiation, back radiation from the lake
surface, the flux of sensible heat, and the flux of latent
heat), the storage of heat in the lake sediments, and
storage of heat within the lake have been made.
Accurate estimates of lake evaporation have also been
computed from the energy-budget study (Sturrock and
others, 1992). The interannual variation of the
measured and computed components of the energy
budget and estimates of evaporation provide excellent
data with which to describe the thermal characteristics
and evaporation of the lake over a number of years.
Moreover, they also can be used to investigate temper-
ature-dependent limnologic processes that have been
measured within the lake over the same time period.

The measured meteorological and lake tempera-
ture data sets also can provide boundary conditions
and input data with which to model the thermal
response and evaporation of the lake. By applying a
model, the possible effects of climate change and the
sensitivity of the lake to various climate perturbations
can be quantified, thereby allowing the thermal
characteristics to be simulated outside the period of
measurement, Before such tests can be conducted, the
performance of the model needs to be evaluated by
comparing simulated values with measured data. Such
a model validation is the focus of this chapter.
Following discussion of the validation, results from a
simple, prescribed climate perturbation are presented.

METHODS

A one-dimensional, eddy-diffusion model is
applied to simulate temperature and evaporation of
Williams Lake over the ice-free periods of 1983-86 to
demonstrate application of a lake model. Although not
done here, the model also can simulate lake ice and the
behavior of stable isotopes (8'80 and 2H). Details of
the model are presented by Hostetler and Bartlein
(1990), Hostetler and Benson (1990; 1994), Hostetler
(1991), Hostetler and Giorgi (1993; 1995), Hostetler
and others (1993).

The lake model was run on a daily time step
using as input the daily average values of solar
radiation, long-wave radiation, air temperature,
relative humidity, and wind speed that were measured
at the lake. Initial conditions for the model were
obtained from records of measured depth-temperature
profiles.

RESULTS

The time series of measured surface temperature
for 1983-86 (fig. 11) display considerable intra- and
interannual variability. This variability is also evident
in the simulated time series of surface temperature
(fig. 11), which compare very well with the measured
data. Both time series reflect the interannual variability
in the SEB of the lake. Scatter plots of simulated and
measured temperatures for each year, together with
linear regression of the two data sets indicate a high
correlation between the simulated and measured
values (fig. 12). In addition to the interannual
variability of surface temperature, the model results
also indicate substantial interannual variability of
internal temperature, the depth and duration of thermal
stratification, and the time and temperature of the lake
at fall turnover (fig. 13).
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For each of the ice-free periods, the simulated
evaporation totals are in good agreement with the total
evaporation estimated in the energy-budget study of
the lake (table 2). The results of this model applica-
tion indicate that the model is capable of simulating
well the temperature and evaporation of the lake for
the four years considered. The quality of the simula-
tions is a direct reflection of the quality of the
measured data that were used as input to the model.

A simple sensitivity experiment demonstrates
use of the model and measured data to assess the
possible effects of climate change on the temperature
and evaporation of the lake. The experiment was
conducted using the data set for 1985 which was
modified to reflect warmer climatic conditions by
increasing average air temperature 3°C and applying
an associated 15 percent increase to atmospheric
(longwave) radiation. All other variables were held at
the measured 1985 values. The surface temperature of
the lake increased an average of 3°C over the 1985
average for the open-water period (fig. 14) in response
to increased air temperature and atmospheric
radiation. Evaporation for the warmer conditions
increased 170 mm, or 40 percent, over the 1985 total.
Relative to 1985 (fig. 13), simulated thermal stratifica-
tion (fig. 15A) commences earlier and persists longer,
and warmer temperatures penetrate to greater depths.
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