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I.

Introduction, Background and Qualifications
1.

I am a hydrogeologist and environmental consultant with Emmons &

Olivier Resources. I have more than 25 years of experience working with issues
concerning water resources, watershed management, and water supply
industries, among others. I’ve also consulted on a range of water-related projects
for government agencies, including the U.S. Environmental Protection Agency,
Minnesota Department of Health, Minnesota Department of Natural Resources,
Minnesota Department of Transportation, Minnesota Pollution Control Agency,
Rice Creek Watershed District, Minnehaha Creek Watershed District, Comfort
Lake Forest Lake Watershed District, Brown’s Creek Watershed District, Capitol
Region Watershed District, Carnelian Marine St. Croix Watershed District, South
Washington Watershed District, Vermillion River Joint Powers Association, the
City of Mound, the City of Isanti, and Washington County.
2.

I’ve held a variety of leadership positions with organizations whose

missions concern water resources in Minnesota. For example, I am currently the
Chairman of the Board of Directors for the Freshwater Society, a past president
of the Minnesota Ground Water Association, Past President of the Brown’s Creek
Watershed District Citizen Advisory Committee and have served on the
Minnesota Pollution Control Agency’s Environmental Innovations Advisory
Council.
3.

I hold the following degrees:
a. B.A., Geology. Carleton College, Northfield, MN. 1985.
Concentration in Science Technology, and Public Policy.
b. M.S., Water Resources Science. University of Michigan,
Ann Arbor. 1989.
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c. M.B.A., Business Administration. University of St. Thomas,
Minneapolis, MN. 2004.
4.

A true and accurate copy of my curriculum vitae is attached to this

report as Exhibit 1.
5.

I have been retained by Plaintiff White Bear Lake Restoration

Association (“Lake Association”) to provide an expert opinion as to the
characterization of groundwater and surface water interaction in White Bear
Lake, the effect of withdrawals from groundwater under White Bear Lake on
surface water levels in the lake and groundwater levels in the aquifer, and on
whether White Bear Lake has been impaired due to actions by the DNR. My
opinions are based on my independent examination of several correlations and
relationships in White Bear Lake surface water and groundwater in the area,
including changes in surface water levels relative to precipitation; surface water
levels relative to groundwater levels; ratio of water surface area to watershed
area; position of the lake in the surrounding topography, soils, and geology;
presence of lake inlets and outlets; ratios of major anions and cations in surface
water and groundwater; and trophic state index. My opinions are also based
upon my field work in examining White Bear Lake, depositions, factual review
of material from the case, and conversations with the United States Geological
Survey (“USGS”) (Jim Stark, Perry Jones), Metropolitan Council (Lanya Ross), St.
Paul Regional Water System (“SPRWS”) , long time residents of White Bear Lake,
and inspection of the St. Paul Regional Water System McCarron pumping
station, purification, and filtration plant .
6.

In addition to my independent study of these materials, my opinions

in this case are further supported by the findings and conclusions of a June 1998
report by the Minnesota Department of Natural Resources (“DNR”) entitled
Lake-Ground Water Interaction Study at White Bear Lake, Minnesota, as well as by the
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findings and conclusions of an April 2013 report by the USGS entitled
Groundwater and Surface Water Interactions near White Bear Lake, Minnesota, through
2011. I did not just accept the 1998 DNR study or the 2013 USGS study, but
instead conducted a critical analysis of each, which included reviewing the
scientific method and analysis of each study, reviewing testimony by the DNR
on the 1998 study, and personally meeting with and questioning the primary
author of the USGS study.
7.

I’ve also been retained by the Lake Association to provide an expert

opinion as to the availability of feasible and prudent alternatives to the
Defendants’ conduct at issue that would remedy low water levels in both White
Bear Lake and, as a result, the underlying aquifer in the area, while identifying
alternative drinking water sources.
8.

The facts and information I have relied on for the analysis and

opinions described in this report, other than knowledge gained over many years
of my work in water resources management, are the documents, testimony,
meetings, inspections, field work, and other materials listed in Exhibit 2 to this
report.
9.

I am being compensated at my usual rate for such services of $149 per

hour, and my compensation does not depend on the outcome of this case. If
called as a witness as to my study, analysis, and opinions disclosed in this report,
I could and would testify competently. A list of prior cases in which I have
provided expert opinion or testimony is attached to this report as Exhibit 3.
10. I have no interest in, or connection with, any of the parties to this case
other than having been retained by the Lake Association to provide my analysis
and opinions on the issues presented here.
11. I understand that discovery in this matter is ongoing. As such, I
reserve the right to supplement or amend my study, analysis, and opinions in
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this report, including in response to any testimony, study, analysis, or opinions
of experts retained by the Defendants, as the facts in this case are further
developed.

II.

Summary of Opinions and Conclusions
12. This section is an overview of my opinions and conclusions. Detailed

information on my opinions is found later in this report. This section is not
intended to limit the content of my opinions or explanation, which is found
throughout my report.

A.

Methodology

13. I have reviewed the groundwater-surface water interaction in the
White Bear Lake area using many different types of analysis. For example, I
have reviewed the prior work of the DNR, the USGS and others related to
groundwater-surface water interaction in White Bear Lake, as well as reviewing
the factual material and depositions from the case. I have also independently
examined and studied that interaction using a methodology developed by
Emmons & Olivier Resources for its study of groundwater and surface water
management. This scientific methodology examines several correlations and
relationships, including:
a. Ratio of watershed area to waterbody surface area. The ratio
was less than 5:1, indicating that groundwater is likely a
significant part of the lake hydrology.
b. Groundwater levels relative to surface water levels. The
groundwater levels are higher than lake levels on the northeast,
southeast, and southwest sides of the lake, indicating that
groundwater discharges to the lake in those areas.
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Groundwater levels are lower in the northwest part of the lake
and in the underlying bedrock aquifers, indicating that lake
water recharges to the aquifer in those areas.
c. Correlation of precipitation to surface water levels. Lake levels
correlated better to one year average precipitation than to 10
year average precipitation.
d. Correlation of groundwater levels to surface water levels. Lake
levels correlated better to groundwater levels than to
precipitation, indicating that groundwater is a significant part of
the lake hydrology. Lake levels corresponded better to
groundwater levels in the Prairie du Chien aquifer than to
groundwater levels in other aquifers.
e. Position of the lake in the surrounding topography. On a
regional scale, groundwater in the bedrock aquifers follows the
topography. It flows from high areas northeast of White Bear
Lake south-southwest to the Mississippi River.
f. Soil Permeability near the lake. The surficial geology deposits
are generally permeable sands and loams.
g. Presence of lake inlets and outlets. White Bear Lake has no
significant surface water inlets other than small springs. The
lake has a man-made outlet on the northeast side towards Bald
Eagle Lake. There has been no outflow for several years.
h. Direct measurement of groundwater seepage into or out of the
lake. Seepage meters placed in the shallow lake bed indicated
that shallow groundwater flows into the lake in most, but not
all, areas. Piezometers in shallow lake bed later in the year
showed downward gradients (lake levels higher than
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groundwater levels) in most areas except some areas in the
northeast part of the lake.
i. Trophic state index. White Bear Lake has a Trophic State Index
of 45, which is relatively low compared to other nearby lakes.
Lakes with a low Trophic State Index generally receive more
groundwater inputs.
j. Water chemistry. Concentrations of major anions and cations
were compared between White Bear Lake samples,
groundwater samples, and samples of other lakes. The ratios of
certain elements found in groundwater samples suggests lake
water (not necessarily from White Bear Lake) enters some of the
wells.
14. I also constructed a water budget model for White Bear Lake. The
model output cannot be calibrated to match the observed water levels in White
Bear Lake unless groundwater/surface water interactions are included in the
model. This indicates that groundwater is a significant part of the lake
hydrology. The model also suggests that the lake will not return to normal levels
in the future unless there is far more than normal precipitation. I also reviewed
the deposition testimony and exhibits by the DNR and Met Council explaining
that they agree that there is groundwater-surface water interaction. 1
15. I have lived in North St. Paul and Stillwater (within 10 miles of White
Bear Lake) for 23 years and have visited White Bear Lake for fishing, boating,
and swimming on many occasions. During that time I have made many informal
observations about the lake level and water quality. In the past year I have
1

The DNR found a groundwater-surface water interaction in its 1998 report. (1998
Report pp. 10, 13, 83; Frischman Dep. 36:8-11.) Other DNR documents that
acknowledge the groundwater-surface water interaction include Frischman dep. exhibits
126, 127, 133, 140, 143, 144, and 145.
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visited White Bear Lake on five occasions to make scientific observations and
measurements.

B.

Relevant Legal Standards

16. I understand from counsel that this case is being brought pursuant to
MERA. One question under MERA is whether a natural resource has been
impaired by certain conduct, in this case conduct by the DNR. I have reviewed
the MERA statute. I also understand that one defense to a Minnesota
Environmental Rights Act MERA claim based upon impairment of a natural
resource due to the DNR’s conduct is that there is “no feasible and prudent
alternative and the conduct at issue is consistent with and reasonably required
for promotion of the public health, safety, and welfare in light of the state's
paramount concern for the protection of its air, water, land and other natural
resources from pollution, impairment, or destruction.” I further understand that
“economic considerations alone shall not constitute a defense” in a MERA case.
With that understanding, and as part of my analysis for this case, I’ve concluded
that feasible and prudent alternatives to the Defendants’ conduct in this case
exist that are both consistent with and reasonably required for promotion of the
public health, safety, and welfare in light of the State of Minnesota’s paramount
concern for the protection of White Bear Lake and groundwater in the area
underlying White Bear Lake from pollution, impairment, or destruction.

C.

Evidence of Impairment

17. White Bear Lake and the Prairie du Chien-Jordan aquifer are natural
resources. White Bear Lake has been impaired by the DNR’s conduct – namely
the cumulative effect of groundwater permits, which authorize pumping of
groundwater, that have been granted by the DNR, and have led to the excessive
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pumping of groundwater from the Prairie du Chien-Jordan aquifer. I have
studied the evidence of impairments to White Bear Lake. These include:
a. Groundwater levels in observation wells in the Prairie du
Chien aquifer have steadily decreased in recent years. The
lake level of White Bear Lake has also steadily declined.
(Exhibit 142 to Frischman dep.) These declining aquifer and
lake levels are evidence of impairment.
b. The ecological impairment to White Bear Lake can be
measured by the loss of littoral zone (area with water depth
less than 15 feet) that is critical to aquatic plants and animals.
Water quality is also declining. Phosphorous concentrations
have been rising in the lake, and water transparency has
decreased. I have also reviewed the expert report of Meghan
Jacobson, which shows further evidence of impairment.

D.

Impairment Cannot Be Blamed on Natural Cycles

18. I understand that the Defendants may submit that natural cycles are
responsible for the impairment to White Bear Lake, and that the lake will return
to normal if given enough time. This has been shown to not be the case:
a. The USGS (2013) performed statistical tests on rainfall and
lake level records. They concluded that the lake level is
lower now than in previous times that had similar rainfall.
USGS also postulated that over four extra inches of rainfall
each year would be needed in order to return and maintain
White Bear Lake at its historic normal water level. In
addition, the analysis in Figures 7A-7C on page 29 of the
USGS report shows the relationship between observed
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annual lake-level changes and precipitation as well as the
observed and modeled lake levels. These figures support
my opinion. Lakes do not have set cycles where water levels
rise and fall in predictable patterns. Lake water levels react
to short term and long term trends in precipitation,
groundwater levels, evapotranspiration, precipitation, and
man-made inputs and withdrawals. Rainfall trends have
been near average in recent years and no reliable predictions
can be made that precipitation will increase in the future.
b. Impairment of the aquifers and the lakes will continue
indefinitely if nothing is changed. Met Council (2009) water
use projections show that water use and groundwater
pumping are expected to increase by more than 60 percent
by 2050.

E.

Alternatives to Address Low Water Levels of White Bear Lake

19. The Prairie du Chien-Jordan is the uppermost bedrock aquifer below
White Bear Lake and the primary drinking water source for communities around
White Bear Lake. The DNR does not need to continue issuing groundwater
appropriations permits to every user who wishes to construct a new well in the
Prairie du Chien-Jordan aquifer or increase pumping of an existing well from the
Prairie du Chien-Jordan aquifer. Alternatives to increased pumping from this
aquifer include:
a. Supplying municipal water systems with raw water
purchased from SPRWS. Rather than continuing to pump
groundwater, municipal water suppliers could purchase
untreated (raw) water from SPRWS and treat it in their
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plants. The water would be pumped from Snail Lake, which
is part of the SPRWS system. The DNR has considered this
option and was told by the SPRWS that it had capacity to
supply water to this area. Exhibit 142 to Frischman dep.)
b. Supplying municipal water systems with treated, potable
water purchased from SPRWS. The current SPRWS
distribution system extends to the City of North St. Paul.
From there it could be extended to some, or even many, of
the communities around White Bear Lake.
c. Drilling deeper wells into another aquifer, such as the
Tunnel City Group aquifer. Groundwater withdrawals from
the Prairie du Chien-Jordan aquifer could be reduced to pre2000 levels by eliminating a few large-capacity wells. Those
wells could be replaced by wells drilled to the deeper Tunnel
City Group aquifer.
d. Reusing treated wastewater rather than sending it to the
Mississippi River. Options include:
1. Using treated wastewater for non-potable purposes
such as golf course irrigation, washing vehicles, or
flushing toilets.
2. Infiltrate treated wastewater via large drain fields to
recharge aquifers.
3. Discharging treated wastewater to White Bear Lake.
4. On-site greywater reuse to reduce water supply
demand.
Conserving water. Water distribution systems can be

e.

updated to be more efficient. Residential and commercial
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buildings can be retrofitted with efficient plumping fixtures.
Non-essential water uses can be reduced or eliminated.
Conservation policies such as increasing unit prices with
increased water usage (“conservation pricing”) can be
implemented.
20. Water levels in White Bear Lake could be raised over time by
implementing water management policies, including:
a. Developing a Groundwater Management Area (GMA) that
reverses aquifer decline. Within the GMA, groundwater
pumping would be limited to safe and sustainable yields.
Because current yields from the Prairie du Chien aquifer are
not sustainable, the DNR would need to immediately limit
the groundwater appropriations by some users.
b. Augmenting White Bear Lake with water from the
Mississippi River. The SPRWS already pumps water from
the Mississippi River to Snail Lake in Shoreview. Some of
this water could be diverted, treated, and pumped to White
Bear Lake.
c. Stormwater Infiltration and Reuse. Rainfall serves as the
water source that recharges the aquifers. As the landscape is
manipulated and urbanized, much of the rainfall that
naturally infiltrates and recharges the aquifer is diverted
away downstream. Infiltrating stormwater is commonly
used in recent years and reusing stormwater to off-set other
water uses can reduce potable water demand and pumping.
21. The most prudent and cost effective solution likely involves some
combination of two or more of these alternatives. Each alternative has
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diminishing marginal returns, meaning that initial, partial implementation may
be economical, but moving toward implementation of only one method and to a
maximum extent will become increasingly costly. Most alternatives are not
mutually exclusive and can be implemented at the same time. There is an ad hoc
group that has considered many of these potential alternatives. DNR members
were involved in the ad hoc group. (Frischman deposition exhibits 9, 10, 153)

F.

Consideration of a Protective Elevation for White Bear Lake

22. In my opinion, in order to achieve a recovery of the White Bear Lake
natural resource, I agree a target lake “protection elevation” should be set by the
DNR Commissioner at 923.5 feet above mean sea level. One benefit of setting a
“protection elevation” level is that the Commissioner is then required to limit the
amounts and timing of water appropriated to a safe yield from each aquifer to
the maximum extent feasible and practical.
23. In my opinion, a sustainable water plan is also needed to protect the
Prairie du Chien-Jordan aquifer. None is currently in place by the DNR. The
DNR offered several explanations as to how to protect an aquifer in its
deposition (Deposition of Frischman 99:12-106:1, 123:24-126:10). As Mr.
Frischman explained, it may be possible to set a per well limit in order to reduce
withdrawals on the aquifer and allow for the aquifer for more time to recharge.
When the per well limit is met, the DNR would send a warning letter to any well
users cautioning the user about the limits. When and if the next level, a hard
stop, is met, the DNR would send a letter preventing any further pumping from
that well. The user would then be required to implement a back-up water plan.
The DNR has said that using a 25% as a warning and 50% as a hard stop is not
conservative enough. One option is to use a 15% warning and a 25% as a hard
stop. Although a range of numbers could be used as the warning and hard stop
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level, the point is to pick numbers that give the aquifer time to recharge and
allow for sustainable water practices. As explained by the Met Council and as
shown by my opinion, today’s practices by the DNR are not sustainable.

G.

Conclusions

24. White Bear Lake and the Prairie du Chien-Jordan aquifer are natural
resources. My study and analysis of groundwater and surface water in the
White Bear Lake and the surrounding area, as discussed in detail below,
confirms that there is an interaction and exchange of surface water and
groundwater in White Bear Lake, such that surface water levels in the lake are
principally controlled over the long-term by groundwater levels in the
underlying aquifers around the lake. This means that groundwater withdrawals
permitted by DNR directly impact the lake surface water level and this has led to
impairment of White Bear Lake and the aquifer in the past, today, and in the
future. Despite having knowledge of this interaction and exchange of surface
water and groundwater in White Bear Lake, I am not aware of the DNR taking
actions in the White Bear Lake area to address this issue (other than possibly
very minimal encouragement of conservation). DNR has not even studied the
feasibility of these alternatives. (Frischman dep. 260:23-261:1). The permitting
records show the DNR permitted additional wells and well capacities and
allowed an increase in the cumulative groundwater withdrawals in the area
around White Bear Lake. Overall, the increased cumulative groundwater
withdrawals (allowed by the DNR’s permitting process) are a direct cause of the
significant decline in the lake level of White Bear Lake. The lake level declines of
the last 10+ years cannot be attributed solely to natural causes, such as
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precipitation or some kind of natural hydrologic cycle. The same is true for the
Prairie du Chien-Jordan aquifer.

III. Relevant Legal Standards
25. I understand from counsel that the standards under MERA are set
forth as follows in Judge Marrinan’s opinion denying the DNR’s motion to
dismiss:
Two elements are required to state a prima facie case under [MERA]: 1) a
protectable nature resource [such as water], and 2) pollution, impairment,
or destruction of that resource.
Pollution, impairment, or destruction is “any conduct by any person
which violates, or is likely to violate, any environmental quality standard,
limitation [or] rule…or any conduct which materially adversely affects or
is likely to materially adversely affect the environment.”
…
Permit authority must be consistent with federal and state laws, under
which the requirements are basically two: first, that surface water
appropriations be limited so that their collective withdrawals do not
exceed one-half acre-foot per acre of water basin, and second that the
Commission [of DNR] set a protective elevation for the water basin.

Opinion at 3-5, White Bear Lake Restoration Assn. v. Minn. DNR, 62-CV-13-2414
(Minn. 2d Jud. Dist. Sept. 11, 2013) (internal citations omitted).
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IV. Factual overview of White Bear Lake and the underlying aquifers
A.

White Bear Lake

26. White Bear Lake comprises approximately 2400 acres, depending on
water level. The average size in 2013 was 2237 acres. It is situated on the border
of Ramsey County and Washington County in the northeastern part of the Twin
Cities metropolitan area.
27. White Bear Lake is about 80 feet deep at its deepest point in the
southeast part of the lake. The bathymetry of the lake is shown on Figure 1.
Large areas of the lake are less than 15 feet deep, even at normal water levels.
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Figure 1. White Bear Lake Bathymetry

18

28. There are no major streams coming into White Bear Lake. The lake
has an outlet on the north side of the lake toward Bald Eagle Lake. The outlet
elevation is 924.3 feet above mean sea level (MSL 1912 Datum), but the lake often
is below the outlet.
29. Average annual precipitation at White Bear Lake is 31.48 inches.
Average annual evapotranspiration is approximately 28.66 inches.

B.

Geology and Groundwater

30. Groundwater is an important part of the hydrology of White Bear
Lake, as identified in several studies and discussed in more detail in the later
sections of the assessment. Therefore, it is important to understand the geology
and hydrogeology of the area. The stratigraphy or geologic units below White
Bear Lake are shown on Figure 2. The aquifers and confining layers are (from top
to bottom):
•

Glacial-St. Peter Sandstone Aquifer. Glacial deposits (also known as
Quaternary deposits) are found everywhere in the area and have
significant amounts of usable groundwater. The St. Peter Sandstone is a
coarse sandstone used as an aquifer in many areas. It is not present
directly below White Bear Lake, but it is found in areas away from the
lake. Some of these areas have high capacity wells. The glacial deposits
have good hydraulic connection to the St. Peter Sandstone, so they are
often considered as one aquifer for the purposes of groundwater
calculations and modeling. The material at the bottom of the St. Peter
Sandstone are basal units that are well cemented and considered to be a
less permeable zone or confining layer. The Platteville limestone may be
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present between the glacial deposits and St. Peter in some isolated areas,
but is not expected to affect the hydrology of the immediate area around
White Bear Lake.
•

Prairie du Chien-Jordan Aquifer. The Prairie du Chien is a dolomite (similar
to limestone) and the Jordan is a fine grained sandstone. They are often
considered as a single aquifer because they are hydraulically connected
and usually have similar water levels. The Prairie du Chien and Jordan
Formations are found in Minnesota, Wisconsin, and Iowa. For purposes
of investigating White Bear Lake, the aquifer is bounded by key features
that isolate this portion of the Prairie du Chien-Jordan. On the east, the
Prairie du Chien-Jordan is bisected by the St. Croix River Valley. On the
north, the Prairie du Chien-Jordan extends into southern Anoka County
but has been completely eroded away further north. To the west and
south, the Prairie du Chien-Jordan may be present below the Mississippi
River, but the river generally acts as a boundary when considering
groundwater flow.

•

St. Lawrence Formation. The St. Lawrence is a silty sandstone that is a
regional confining layer in the area of White Bear Lake. It is considered an
aquifer in other areas where fractures can transmit a significant amount of
groundwater.

•

Tunnel City/Wonewoc (TC/W) Aquifer. The Tunnel City Group was
formerly known as the Franconia Formation, and the Wonewoc Formation
was formerly known as the Ironton-Galesville Formation. This aquifer is a
collection of sandstone and siltstone layers that are considered to have a
good supply of groundwater in the region.
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•

Eau Claire Formation. The Eau Claire Sandstone is generally considered a
confining layer although some wells are partially or entirely completed in
this Formation.

•

Mount Simon/Hinckley Aquifer. The Mount Simon and Hinckley
Formations are both sandstones that generally have excellent quality
groundwater. There is currently a prohibition on drilling new wells into
this aquifer in the Twin Cities metropolitan area.
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Figure 2. Water Balance and Stratigraphy of White Bear Lake (Adapted from USGS
[2013])
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C.
31.

Lake Water Balance
The volume of water in any lake, including White Bear Lake, is

controlled by the amount of water entering and leaving the lake. These inputs
and outputs can be further separated, studied, and quantified. Inputs to the lake
include precipitation, surface runoff, groundwater inflow, and pumping from
other sources. Outputs from the lake include evaporation and transpiration
(commonly considered together and called evapotranspiration), surface water
outflow, groundwater outflow, and pumping. Transpiration may be a relatively
minor component, limited to emergent plants in shallow areas along the
lakeshore. White Bear Lake has a surface water outflow when it reaches
elevation 924.3 ft above msl. Not all lakes have a significant amount of
groundwater inflow and outflow, but White Bear Lake does.
32.

All of the inflows and outflows to a lake combine to make a water

budget or water balance for the lake. When one inflow component of the water
budget increases, then the water balance shifts and the lake gains water volume,
surface area, and elevation until a new equilibrium is reached. When one
outflow component of the water budget increases, the lake loses water volume,
surface area, and elevation until a new equilibrium is reached. An equation that
quantifies the inflows, outflows, and change in lake volume is known as a water
balance equation.

D.
33.

Groundwater/Surface Water Interactions
Groundwater discharge from the lake occurs directly to the shallow

aquifer below and surrounding the lake. In the case of White Bear Lake, the
shallow aquifer consists of glacial deposits. Groundwater can migrate from there
either horizontally or vertically. When it migrates horizontally, it flows through
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other glacial deposits and may eventually encounter bedrock aquifers such as the
St. Peter Sandstone. When it migrates vertically, it flows a short distance
through the glacial deposits before it enters the bedrock aquifer, the Prairie du
Chien-Jordan. The thickness of the glacial deposits varies greatly below White
Bear Lake for two reasons:
a. The depth of the lake varies from 0 to over 80 feet, and
b. Past glaciation and erosion carved a valley through the
bedrock and completely removed the St. Peter Sandstone in
some areas.
The USGS began a geophysical study in 2013 to determine the thickness of the
glacial deposits below White Bear Lake. To date, no conclusions from the study
have been published.
34. Aquifers, too, have a water balance that is similar to that of a lake.
Inflows to the aquifer can include recharge from above and leakage from lower
aquifers. Outflows can include springs, wells, and leakage to other aquifers.
There can be many complicating factors such as steeply sloping aquifer layers,
faults, or geothermal activity, but none of those have been reported in the White
Bear Lake area. When the water balance changes in an aquifer, one of two things
can happen:
a. If the aquifer is the uppermost aquifer, also known as the
water table aquifer, then the volume of water changes. The
elevation of water in wells and in the aquifer, also known as
the water table, goes up or down.
b. If the aquifer is below the water table aquifer, then the
hydraulic pressure, or head, in the aquifer and wells will
increase or decrease, but the volume of water will change
very little.
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E.

Effects of Groundwater Pumping

35. When a well pumps groundwater, it decreases the hydraulic head
(water pressure) in the aquifer. The drawdown of the head is greatest near the
well and lessens with radial distance away from the well. This results in a “cone
of depression” around the well. The drawdown at any point in the aquifer is a
function of the aquifer thickness, aquifer hydraulic conductivity, pumping rate,
time since pumping began, groundwater recharge, and groundwater leakage
into or out of the aquifer. The cone of depression extends outward from the well
until it reaches equilibrium with the aquifer recharge and leakage. The distance
from the well where the drawdown is negligible is called the “radius of
influence”.
36.

Many lakes, including White Bear Lake, have a hydraulic connection

to the aquifer or aquifers below them. If the groundwater head in the aquifer is
higher than the surface elevation of the lake, groundwater enters the lake. If the
groundwater head in the aquifer is lower than the surface of the lake, lake water
enters the aquifer. The rate that water moves into or out of the lake is a function
of the difference between the hydraulic head in the lake and the aquifer and the
hydraulic conductivity (sometimes called the resistance) of the lake bed. In the
case of White Bear Lake, the lake is lower than the groundwater head in some
areas (notably in the northeast) and higher than the groundwater head in others
(notably in the northwest toward Bald Eagle Lake.
37. The drawdown created by pumping wells in an aquifer is cumulative.
For example if one well creates a drawdown of two feet at a given point, and a
second well creates a drawdown of one foot at the same point, then the actual or
cumulative drawdown at that point will be three feet. The radius of influence of
a large well can extend for miles. The aquifers below White Bear Lake are being
drawn down by hundreds of wells and more wells are continually being added.
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Even though some wells are far away and have only a small, incremental
drawdown effect on the aquifer, each new well contributes to the cumulative
lowering of the groundwater level and therefore the hydraulic head below White
Bear Lake. Similarly, any time pumping is increased in a well, the drawdown
around the well is increased which contributes to the cumulative lowering of the
groundwater level and therefore the hydraulic head below White Bear Lake.
DNR acknowledges that the effect of drawdowns of the Prairie du Chien-Jordan
aquifer is cumulative. (Frischman dep. 63:13-21, 344:2-8; Exhibits 158 & 163 to
Frischman dep.)

V.

Impairment of White Bear Lake and the Prairie du Chien-Jordan
Aquifer
38. In my opinion, White Bear Lake and the Prairie du Chien-Jordan

Aquifer have been damaged by the DNR’s conduct, specifically the cumulative
impact of the water permits granted by the DNR. Permits that are required by
statute before any groundwater pumping is allowed. Since at least 1998 and
based upon the DNR’s own study, the DNR has known that there is an
interaction and exchange of surface water and groundwater in White Bear Lake,
such that surface water levels are principally controlled over the long-term by
groundwater levels in the underlying aquifer. (Frischman dep. 39:14-16.) This
means that the DNR knew that groundwater withdrawals directly impact the
lake level. Despite this knowledge, the DNR, as shown by the USGS study,
issued water appropriation permits in the White Bear Lake area that allowed
pumping from municipal wells to nearly double since 1980 (USGS, 2013, p. 33).
The DNR’s conduct is a direct cause of the damage suffered by White Bear Lake
and the Prairie du Chien-Jordan aquifer now and in the past. If the DNR actions
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do not change, the DNR will also cause harm to White Bear Lake and the Prairie
du Chien-Jordan aquifer in the future.
39. In reaching my opinion, I considered various third party studies and
reports and also reviewed the depositions and exhibits in this case. I did not take
the studies and reports at face value. Instead, I analyzed and tested them to
ensure their reliability and in some situations spoke directly with the study’s
main author. I (or EOR acting at my direction) also conducted my own scientific
analysis and made site visits, field test, and water tests. All of this evidence
points to the same conclusion -- that the DNR’s conduct is a direct cause of the
harm caused in the past, faced today, and in the future if changes aren’t made to
the water use in and around White Bear Lake and the Prairie du Chien-Jordan
aquifer.

A.

Studies by Others Involving White Bear Lake and the Prairie du
Chien–Jordan Aquifer
1.

Department of Natural Resources 1998 Study

40. In June 1998, the DNR issued a report to the Legislative Committee on
Minnesota Resources entitled Lake-Ground Water Interaction Study at White Bear
Lake, Minnesota. The DNR initiated this study to determine the reasons for the
sustained low water levels. During and after the drought of 1988-1989, water
levels of White Bear Lake declined approximately 4 feet over a period of 3 years.
Water levels remained low in White Bear Lake even after the drought had ended.
41. The DNR compared the surface area and watershed area of White
Bear Lake. White Bear Lake, unlike most area lakes, has a very small drainage
area compared to the area of the lake itself. A drainage area to lake area ratio of
0.95 to 1 was calculated in 1924 and was the accepted value until this study. The
DNR recalculated this ratio and arrived at a drainage area of 7,526 acres,
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including the lake, or 4,996 acres of drainage to the lake, and a lake area of 2,531
acres, resulting in a ratio of 1.97 to 1. The increase in the drainage area is
attributed to connections of wetlands to White Bear Lake by culverts and surface
drainage that were formerly not connected to the lake. Lakes with ratios of less
than 5 to 1 tend to outflow very infrequently and have wide fluctuations in lake
level. The DNR concluded that the increased drainage area compared to the 1924
calculated drainage area would tend to increase lake level and high water level
duration.
42. The DNR noted that the factors believed to influence lake level
fluctuations of White Bear Lake are precipitation, runoff, surface outflow,
evaporation and lake-ground water exchange. Historically, periodic pumped
augmentation of lake levels from ground water was also a factor, but the practice
was stopped in 1978. While ground water augmentation did increase the water
levels of White Bear Lake, the effects were only temporary. This method of lake
augmentation has since been banned by the state legislature.
43. The ground water augmentation wells for White Bear Lake were
cased into the top of the Prairie du Chien aquifer and have an open hole in
deeper aquifers. When these wells were pumped they drew water from more
than one aquifer. When they were not being pumped, the uncased portion of the
wells served as a flow path between bedrock aquifers and allowed water to flow
from the Prairie du Chien aquifer downward into the lower aquifers because the
natural separation of the aquifers had been breached by the wells.
44. The DNR compared lake level fluctuation with area precipitation
fluctuations. Precipitation that recharges the aquifers that affect the lake usually
falls over a much greater area than the surficial drainage area of the White Bear
Lake. The 5-year moving average for precipitation correlates better with lake
level than annual precipitation does. This indicates that the lake levels of White
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Bear Lake are influenced by precipitation that fell as much as four to five years
ago and are part of the groundwater system flowing to the lake, and that it may
take years after a drought has ended to see recovery in lake levels.
45. The DNR noted that in years when lake levels were not augmented,
there was very little winter lake level fluctuation although summer levels
fluctuated significantly. During years of heavy augmentation, winter lake levels
showed significant increases. Summer lake levels also fluctuated significantly.
46. The DNR noted that many factors affect the rate of evaporation from
White Bear Lake. As the lake level changes, so does the surface area of the lake
subject to evaporation.
47. The DNR noted that groundwater exchange in White Bear Lake is
easier to calculate during winter months when lake levels were not augmented
with ground water. There is less precipitation and runoff entering the lake, and
ice cover eliminates water lost due to evaporation, so that the ground water
exchange is the main factor affecting lake level changes. Using calculations for
these factors, the water balance for White Bear Lake averages 6.5 inches of water
exchanged per year from the lake to groundwater. The DNR also postulated that
in the years when lake level was augmented, the pumping would also affect the
groundwater exchange of the lake. The result would be increases in the
exchange rate by increasing lake levels and decreasing groundwater levels, so
that more water flows from the lake to the groundwater aquifers thus setting up
a cycle of drawing from the aquifer that goes into the lake and then back down
into the aquifer.
48. The DNR reached several conclusions as part of its 1998 study.
Among those, the DNR concluded that it’s modeling results “indicate[d]
increased use of ground water via high capacity wells for municipal water
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supply and commercial use has resulted in lower ground water levels.” 2 The
DNR also concluded that “[o]ver the long term (years, decade), White Bear Lake
levels are controlled principally by the region’s ground water level fluctuations
and in the short term (monthly, seasonally) by the surficial elements of the lake
water balance parameters (which include precipitation, runoff and
augmentation).” 3 The DNR went on to conclude that “[t]he key to ensuring that
White Bear Lake levels can continue to at least periodically exceed elevation [of]
924 or 925 [feet above msl] is contingent on ensuring ground water levels do not
permanently drop to levels similar to those resulting from the drought of the late
1980’s [sic].” 4 In addition, the DNR concluded that sustaining lake levels above
elevations of 923, 924, or 925 feet above msl are “subject to the vagaries of longterm precipitation and other factors affecting local ground water levels.” 5 “These
factors certainly include long-term impacts of future ground water
appropriations,” the DNR concluded in 1998. 6

2.

Other DNR Documents

49. DNR has made similar admissions in discovery documents that lake
levels are related to groundwater levels around the lake and that increased
appropriation is influencing the groundwater and lake levels. For example, DNR
hydrologist Paul Putzier recently told the StarTribune that DNR “did not take
into account the combined effect of water users” and that in the future DNR
“need[s] to issue permits on a cumulative basis” in order to protect water levels
for future generations. This is contrasted with how the DNR typically issues

DNR0005727 at DNR0005809
DNR0005727 at DNR0005809
4
DNR0005727 at DNR0005809
5
DNR0005727 at DNR0005810
6
DNR0005727 at DNR0005810
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3
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permits today and in the past – on a case-by-case basis. (Frischman deposition
325:12-24) A June 2013 email from DNR official Dave Leuthe confirmed the
connection between surface water and groundwater: “[the White Bear Lake
Conservation District] need[s] to understand the watershed/groundwatershed
they live in and what they need to do to protect quantity and quality. It’s all
inter-related.” (DNR00001921). In an email sent shortly after the USGS study was
released, Jeanette Leete sent an email to DNR colleagues and other state
employees, acknowledging that “pumping of groundwater by municipalities
appears to be a major cause of [White Bear Lake’s] decline.” In a May 24, 2012
“Background” document on White Bear Lake, DNR acknowledged that “[l]ow
water levels in White Bear Lake are due primarily to a precipitation deficit since
2006 and partly due to increasing groundwater pumping in the area,” and
predicted that “[i]f sustainable groundwater management is not adopted, lake
levels will be lower than historical levels for a given precipitation regime and
will continue to decline.” (DNR00005279-80).

3.

USGS 2013 Report

50. In April 2013, the USGS issued a report entitled Groundwater and
Surface Water Interactions near White Bear Lake, Minnesota, through 2011. The report
expanded on previous work completed by others, and was the most extensive
investigation to date. The USGS report uses data generated by the DNR.
Methods used by USGS to assess groundwater and surface-water interaction
White Bear Lake include:
a. Historic (1980-2010) White Bear Lake surface water levels,
local groundwater levels, precipitation, and groundwater
withdrawals in the White Bear Lake area were used to assess
potential causes for the recent (2005-present) water level
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decline in White Bear Lake. Historic lake levels were
correlated to trends in groundwater levels, precipitation, and
groundwater pumping;
b. Recent (2010-2011) hydrologic and water quality data
collected in White Bear Lake, other area lakes and wells were
analyzed to determine regional groundwater elevation
contours and watershed-scale groundwater flow directions
in the Glacial-St. Peter aquifer and the Prairie du ChienJordan aquifer.
c. Physical and chemical parameters were measured in
precipitation, surface water and pore water in lake sediment
to characterize groundwater/surface water interactions.
d. A water balance assessment for White Bear Lake was
completed in March and August of 2011, including a thermal
survey of the lake’s shoreline to determine areas of
groundwater inflow, mini-piezometer surveys along the
lakeshore to collect hydraulic head and water quality
samples, and seepage meter surveys along the lake shore to
collect water flow data into and out of the lake.
51. Results reported by the USGS include:
a. Groundwater and lake levels in the White Bear Lake area
indicate that the water level in White Bear Lake is strongly
correlated to the groundwater level in the Prairie du ChienJordan aquifer. Groundwater levels in the Prairie du ChienJordan aquifer are responsive to precipitation extremes, and
have declined since 2003. Analysis of long-term lake level
precipitation, evaporation, groundwater level and
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groundwater withdrawal data from 1980 to 2010 indicate
that lower precipitation was not the whole cause for the
decline in White Bear Lake water level, but increases in
groundwater withdrawal from the Prairie du Chien-Jordan
aquifer can explain most of the water-level decline. Further,
increases in groundwater withdrawals have modified White
Bear Lake’s response to precipitation by increasing lake
water outflow to the underlying aquifers (increased vertical
hydraulic gradient) counteracting the potential for
contributing to higher lake levels.
b. A statistical analysis of the average annual lake-level
change and annual precipitation indicated that the
relationship between these variables was significantly
different for the period 2003-2011 than from 1978-2002.
During the latter period an average of 4 more inches of
precipitation per year (an increase from 33 inches/year to 37
inches/year) would have been required to maintain the lake
level. The declining groundwater levels in the Prairie du
Chien-Jordan aquifer further supported the conclusion that
annual groundwater inflows to the lake were less than
annual outflows of water to the aquifer.
c. Results from the statistical analysis (analysis of covariance)
of annual and seasonal lake levels and precipitation data
show a change in the relationship between annual lake
volume change and precipitation over time. First, the
relationship between precipitation and lake level was
calculated for the time period of 1978-2002. Next, the same
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relationship was calculated for the time period 2003-2010.
The results showed that for a given amount of annual
precipitation, the lake was higher in 1978-2002 than in 20032010.
d. Annual and summer groundwater withdrawals from the
Prairie du Chien-Jordan aquifer have more than doubled
between 1980 and 2010. A regression model constructed
with annual lake level change, annual precipitation minus
evaporation, and annual volume of groundwater withdrawn
from the aquifer indicated that groundwater withdrawal
had a greater influence than precipitation minus evaporation
in White Bear Lake area for all years since 2003.
Static groundwater level and lake level measurements

e.

collected in March and August of 2011 indicated that
groundwater was potentially entering White Bear Lake from
the glacial aquifer from the northeast and south and that
lake water was leaving White Bear Lake to the underlying
glacial and Prairie du Chien-Jordan aquifers to the
northwest. Groundwater levels in the Prairie du ChienJordan aquifer below White Bear Lake are approximately 0
to 19 feet lower than the surface-water level in the lake,
indicating that groundwater from this aquifer likely does not
discharge into White Bear Lake. Groundwater levels
declined more than 10 feet in the Prairie du Chien-Jordan
aquifer south of White Bear Lake from March to August of
2011.
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f. Water quality analyses of pore water (water held in void
spaces) from near shore lake sediments and well water
samples, lake sediment temperature measurements, seepage
meter measurements and hydraulic head differences
measured in White Bear Lake also support the conclusion
that groundwater is entering White Bear Lake from shallow
glacial aquifers to the northeast and south. The presence of
iron-stained sediments near shore is consistent with seepage
from glacial tills present in the glacial aquifer, which are
high in iron and manganese (anoxic groundwater containing
high dissolved iron will oxidize and precipitate out of
solution as a reddish-brown precipitate when it is exposed
to the air).
g. Stable isotope analyses of well water, precipitation and
lake water samples indicate that wells down-gradient of
White Bear Lake that draw water from the glacial aquifer or
the Prairie du Chien-Jordan aquifer receive a mixture of
surface water and groundwater indicating at least some of
the water in the aquifer came from a lake. Water balance
analysis of White Bear Lake in March and August 2011
indicates a potential outflow leakage of 2.9 and 4.4 inches
per month, respectively, from the lake to the local aquifer.
The wide range of oxygen isotope ratios for water sampled
from wells screened in the glacial aquifer or the Prairie du
Chien-Jordan aquifer indicate that different sources of
groundwater and of surface water are supplying the wells.
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White Bear Lake is the likely source of surface water in the
wells.
52. The USGS report concluded that lake levels in White Bear Lake and
other area lakes will not recover unless the watershed receives abundant
precipitation (more than average) or water use and management practices
change. Potential water use and management practice changes involve either
increasing the amount of water entering the lake or reducing the amount of
water leaving the lake to underlying aquifers.
53. The USGS report listed options for increasing the water level in White
Bear Lake. Options for increasing the amount of water entering the lake involve
bringing surface water or groundwater from outside the lake drainage area or
groundwater from deep aquifers to the lake. Water imported into the drainage
area could be pumped directly into the lake or used as an alternate source of
municipal drinking water (reducing municipal groundwater withdrawals from
the Prairie du Chien-Jordan aquifer and therefore reducing lake-water outflow to
the aquifer.)
54. USGS presented options for reducing the amount of groundwater
withdrawals from the Prairie du Chien-Jordan aquifer including: (1) reducing
water withdrawals from wells that have the greatest impact on lake-water
outflow, (2) implementing or increasing water conservation practices, (3) using
surface water sources for municipal use instead of groundwater sources, and (4)
treating and discharging wastewater within the watershed.

4.

Metropolitan Council

55. Metropolitan Council has noted risks and concerns with White Bear
Lake. A report by Barr Engineering (2010) for the Metropolitan Council analyzed
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groundwater/surface water interactions in lakes throughout the Twin Cities.
The report classified White Bear Lake as a flow-through lake connected to
groundwater and potentially vulnerable to groundwater pumping. Also, the
lake is classified as having a wide and shallow littoral zone, which increases the
potential for impacts from changes in lake stage. The Met Council also states that
the low White Bear Lake level is an indication of damage to the lake itself. (El
Hassan deposition 160:24-161:2.) The Met Council also finds a trend of
population growth in the White Bear Lake area. With population growth, there
will be an increase in water needs. This further highlights the need for a wellmanaged water approach that takes into account the cumulative
permits/pumping and the impact on White Bear Lake and the Prairie du ChienJordan aquifer.

B.

My Independent Analysis of White Bear Lake and the Prairie du
Chien Aquifer

56. In addition to analyzing the publicly available studies and reports on
White Bear Lake and the Prairie du Chien-Jordan Aquifer, my opinion relies
upon tests and analysis conducted by me and others at EOR working at my
direction. The findings by me and from the third parties listed above are
consistent., except where noted below.

1.

Watershed Area/Lake Area Ratio

57. The ratio of watershed area to lake area is an indicator of the relative
importance of surface water and groundwater to the lake’s hydrology compared
to other nearby lakes. This is especially significant if the lake is landlocked like
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White Bear Lake, with no major inlets or outlets. A large watershed/lake ratio
indicates that the lake gets much of its water from surface water runoff. A small
watershed/lake ratio indicates less surface water runoff, and therefore more
groundwater input. EOR (2003) found that lakes in northern Washington
County with a more than 5:1 watershed/lake area ratio are predominantly
surface water driven. Lakes with less than a 5:1 watershed/lake area ratio are
predominantly groundwater driven. The total watershed of White Bear Lake is
4,727 acres, and the surface area of the lake is approximately 2,400 acres, at lake
elevation 924 (Houston Engineering, 2012). The watershed/lake area ratio is
approximately 2:1, indicating that groundwater is a significant component of the
lake hydrology. DNR documents support my finding of a 2:1 ratio. (Exhibit 128
to Frischman dep.)

2.

Groundwater Level Relative to Lake Level

58. The “groundwater interaction” of the lake may further be described as
recharge, discharge, or flow-through. Recharge lakes predominantly lose water
to the surrounding aquifers. Discharge lakes receive water from the surrounding
aquifer. Flow-through lakes lose water in some areas and gain groundwater in
other areas. The elevation of groundwater relative to the lake surface is an
indicator of its groundwater interaction. If the surrounding groundwater level
is below the lake surface, then the lake is a recharge lake. If the surrounding
groundwater level is above the lake surface, then the lake is a discharge lake.
Figure 3, excerpted from the USGS (2013) report shows that groundwater in the
glacial water-table aquifer is higher than the lake level around most of the
perimeter of the lake. On the northwest side of White Bear Lake, toward Bald
Eagle Lake, the groundwater in the glacial water-table aquifer is slightly below
the level of the lake. This indicates that White Bear Lake is a flow-through lake
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because it gains water in most areas and loses water to the northwest. (Frischman
dep. 84:4-7.)
59. Figure 4, also excerpted from the USGS (2013) report, shows that the
groundwater head in the Prairie du Chien aquifer is less than the elevation of the
lake everywhere below the lake. This indicates that the Prairie du Chien-Jordan
aquifer does not recharge directly to White Bear Lake, but rather the surficial
aquifer discharges down into the Prairie du Chien-Jordan aquifer where most of
the municipal wells are located. Water reaching White Bear Lake recharges the
glacial water-table aquifer which then recharges the Prairie du Chien aquifer.
60. Figure 3 and Figure 4 indicate that groundwater flows into White Bear
Lake from the shallow aquifer on the east and south side of the lake. Water
discharges to the shallow glacial aquifer on the north side of the lake and
vertically to deeper parts of the glacial aquifer (and ultimately to the bedrock
aquifers) near the center of the lake. The net effect is that White Bear Lake is a
flow-through lake.
61. Figure 5 is adapted from the USGS (2013) report. It shows the geology
below White Bear Lake. It also illustrates how groundwater flows into the lake
from the shallow glacial aquifer to the southeast and flows out of the lake to the
shallow glacial aquifer to the northwest and to the deeper glacial aquifer, and
eventually deeper bedrock aquifers, through the deepest parts of the lake.
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Figure 3. Potentiometric surface of the glacial water-table aquifer and lake levels in the
northeast Twin Cities Metropolitan Area, Minnesota, March/April 2011. (USGS, 2013)
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Figure 4. Potentiometric surface of the Prairie du Chien-Jordan aquifer in the northeast
Twin Cities Metropolitan Area, Minnesota, March/April 2011. (USGS, 2013)
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Figure 5. Geologic Cross Section for White Bear Lake, Northeast Twin Cities Metropolitan Area, Minnesota (Adapted from
USGS, 2013).
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3.

Correlation of Precipitation and Lake Levels

62. I have analyzed the relationship between water levels in White Bear
Lake and precipitation to determine the relative influence of precipitation and
groundwater. Groundwater levels typically follow long-term (5 to 10 years or
more) precipitation patterns. Lakes that respond quickly to precipitation events
or annual totals are considered “precipitation driven”. Lakes that respond more
closely to 5-yr or 10-yr precipitation trends are considered “groundwater
driven”.
63. Exhibit 4 shows water level and precipitation data for White Bear
Lake. The correlation between the lake level and annual rainfall and five-year
rainfall was 0.344 and 0.689, respectively. The better correlation to the five-year
rainfall indicates that the lake is more groundwater driven. Neither precipitation
correlation was as good as the groundwater level correlations discussed below.

4.

Correlation of Groundwater Levels and Lake Levels

64. Exhibit 4 shows water level data for White Bear Lake and observation
well data for the White Bear Lake area. Correlations were calculated between the
water level in White Bear Lake and groundwater elevations in different aquifers.
Only the first page of each spreadsheet is printed. Other data can be accessed in
the accompanying electronic data files.
65. The correlation between the lake level and the groundwater levels in
various DNR observation wells is shown on Figure 6 and the range of correlation
coefficients is shown in Table 1. Correlations between water levels in White Bear Lake
and groundwater levels in DNR observation wells screened in different aquifers.Table 1.
Good correlations were observed between the lake levels and groundwater levels
of wells completed in the glacial aquifer and Prairie du Chien aquifer. Poor
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correlations were observed between the lake levels and groundwater levels of
wells in the St. Peter and Mount Simon/Hinckley aquifers. This indicates that
there is a better hydraulic connection between the glacial and Prairie du Chien
aquifers and the lake. Note that no observation wells were screened in the
Tunnel City/Wonewoc aquifer. A Tunnel City/Wonewoc aquifer well was
recently installed along the north side of White Bear Lake, but not enough data
are available yet to perform a correlation statistic.
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Figure 6. Correlations between water levels in White Bear Lake and groundwater levels
in DNR Observation Wells
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Table 1. Correlations between water levels in White Bear Lake and groundwater
levels in DNR observation wells screened in different aquifers.
Aquifer

Range of Correleation
Coefficients

Glacial

0.77 – 0.99

St. Peter

0.26 – 0.73

Prairie du Chien-Jordan*

0.62 – 0.92

Mount Simon/Hinckley

-0.34

* Two distant wells had correlation coefficients of 0.49 and 0.56
66. Correlations between White Bear Lake water levels and groundwater
levels in wells screened in the glacial or Prairie du Chien Jordan aquifers were
higher than the correlation coefficient calculated for annual precipitation. This is
another strong indication that White Bear Lake is a groundwater driven lake.

5.

Topography Analysis

67. Groundwater flow usually, but not always, follows surface
topography. Analysis of the topography often gives important basic information
about trends in groundwater flow. Two trends in the topography around White
Bear Lake are significant. First, the local topography slopes toward White Bear
Lake, which is typical of almost all lakes. The natural outflow of White Bear
Lake is to the northwest, toward Bald Eagle Lake. This coincides with
observations that shallow groundwater flow is toward White Bear Lake from the
northeast, southeast, and southwest and away from White Bear Lake to the
northwest. This is another indication that White Bear Lake is a groundwater
flow-through lake.

46

68. Regional topography slopes from east to west. On the east is a high
area running north-south through Washington County known as the St. Croix
Moraine. This topographic feature is the watershed divide between the St. Croix
and Mississippi Rivers. To the west and south of White Bear Lake the
topography slopes toward the Mississippi River. Groundwater flow in the
uppermost bedrock aquifers (St. Peter and the Prairie du Chien-Jordan) is also
generally east to west. Again, the topography and the groundwater flow
direction in the bedrock aquifers suggest that White Bear Lake is a flow-through
lake.

6.

Soil Permeability

69. Soils, (unconsolidated deposits above bedrock) around White Bear
Lake are generally sandy and relatively permeable. Sandy soils generally
transmit more groundwater, and lakes surrounded by sandy soils have greater
groundwater/surface water interactions.
70. Figure 7 shows the surficial geology around White Bear Lake. The
surficial geology is rather complex because White Bear Lake sits along the edge
of three major glacial features:
•

The Superior Lobe glaciation (Cromwell Formation)

•

The Des Moines Lobe glaciation (New Ulm Formation)

•

Glacial Lake Anoka (New Brighton Formation)

The surficial deposits are described either as sandy or loamy, indicating that they
are relatively permeable. A broad, irregular trough, or bedrock valley is also
mapped below White Bear Lake. In the Twin Cities area, these troughs are often
filled with coarse material deposited by glacial meltwater.
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Figure 7. Surficial Geology of the White Bear Lake Area
71.
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Figure 8. Surficial Geology of the White Bear Lake Area (continued)

49

7.

Seepage Meters and Piezometers

72. A point measurement of the movement of water into or out of White
Bear Lake can be measured by seepage meters. A seepage meter is a small
enclosure (often a 55-gallon drum cut in half) with an attached bag that is pushed
into the lake sediments. Groundwater either flows into or out of a bag. USGS
(2013) placed seepage meters at 26 locations around the perimeter of White Bear
Lake (Figure 9). At 25 locations, groundwater was seeping into the lake or there
was no seepage. At one location water was seeping out of the lake. Note that
lake sediment temperatures are also recorded on Figure 9, but the results are not
conclusive. The difference in groundwater temperatures at selected areas
around the lake was not significant, and not patterns were identified that might
indicate groundwater discharge and recharge areas.
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Figure 9. Lake-sediment temperatures, hydraulic-head differences, and seepage-meter
median flux rates along the shore of White Bear Lake Goose Lake, and Bald Eagle Lake,
northeast Twin Cities Metropolitan Area, Minnesota, July through September 2011
(USGS, 2013).

73.
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74. EOR took additional field measurements in the lake bottom to search
for indications of upward or downward flow at the lake bottom via direct
measurement. EOR measured differences in head between water in the lake
sediment and the lake with temporary piezometers. The results are shown on
Figure 10. The head, or water pressure, in the sediments was measured by
driving a temporary piezometer into the lake bed. The temporary piezometer is
a 1-inch diameter stainless steel pipe with a drive point and a 6-inch long
screened section at the bottom. The lake was about 1 foot deep at each of the
selected locations. The piezometer was driven into the sediment approximately
18 inches, thus measurements of water pressure are approximately 12 inches
below the bottom of the lake. The water level inside and outside the pipe was
measured from the top of the pipe using an electric water level indicator, and the
difference was recorded. Positive numbers indicate that the water was higher in
the pipe than in the lake, so the hydraulic gradient and groundwater flow is up
into the lake. Negative numbers indicate flow down out of the lake.
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Figure 10. Hydraulic-head difference between the lake-sediment pore water and the
White Bear Lake level
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75. The results shown on Figure 10 show that water is flowing into the
lake at some locations along the northeast side. In other areas there is no
hydraulic gradient or water is flowing out of the lake. This indicates that White
Bear Lake is a flow through lake.
76. Figure 10 shows some areas with positive and negative piezometer
readings. This is a typical result for this type of study, and could be due to
several reasons. Groundwater gradients can vary over small distances.
Groundwater usually discharges along preferential flow paths or isolated
springs. If the seepage meter or temporary piezometer is not right above one of
these features, then groundwater discharge may not be recorded. Some of the
large negative readings (<1.0 ft) from the temporary piezometers may be due to
the screens clogging, which tends to only bias the readings in one direction. Silty
and mucky areas were avoided because the screens clog and do not let
groundwater enter the pipe.
77. The USGS (2013) seepage meter results showing groundwater inflow
to the south part of the lake and the EOR temporary piezometer results showing
groundwater outflow in the south part of the lake are not necessarily
inconsistent. Note that the measurements were made at different times of the
year. EOR made measurements in October, when there is usually less
groundwater discharge to lakes and lake levels decline. EOR also noted that the
iron-stained spring areas noted by USGS on the southeast shore of the lake were
no longer visible in the late summer months.

8.

Trophic State Index

78. The Trophic State Index (TSI) is a number that summarizes a lake’s
overall nutrient richness. Lakes with a high TSI are less clear and have high
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nutrient concentrations. Many factors can affect a lake’s TSI, but it can be a
general indicator of the significance of groundwater in a lake’s hydrology. In
general, lakes with a low TSI have relatively more groundwater input than lakes
with a high TSI. The TSI for White Bear Lake is 45 (MPCA, 2013). This is a
relatively low number, indicating that White Bear Lake has relatively high
groundwater input.

9.

Water Chemistry
a.

Sample Collection and Analysis

79. Water samples were collected at the locations shown on Figure 11. For
surface water samples, the deepest part of each bay in White Bear Lake was
sampled. Sample location SW-3 is in the deepest part of the lake, approximately
80 feet deep. Two samples were collected at each location. A shallow sample
marked “S” was collected at the surface. A deep sample was collected within
three feet of the bottom using a Van Dorn sampler. All samples were collected
on October 10, 2013.
80. Groundwater samples were collected from high-capacity wells in the
Prairie du Chien-Jordan aquifer. Wells were selected so that some would be on
the upgradient (north and east) side of White Bear Lake and some would be on
the downgradient (south and west) side. All samples were collected from a tap
on the discharge line of the well, with one exception. The sample from well
127293 was collected from a holding tank. All samples were collected before the
water reached a filter, softener, or other treatment system.
81. Water samples were analyzed by the University of Minnesota
Hydrology Laboratory using Inductively Coupled Plasma – Mass Spectrometry
(ICP-MS). Results are shown on Table 2 and Table 3. The quality control samples
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and charge balance calculations do not indicate any problems with the sampling
or analysis.
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Figure 11. Water Sample Locations
82.
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Table 2. Water Quality Analysis – Surface Water

Location
Cations (in ppm)
Ca
Mg
Na
K
Li
Al
Fe
Mn
Sr
Ba
Si
Anions (in ppm)
Alk. (as CaCO3)
Cl
Br
NO3-N
NO2-N
SO4
S2O3
PO4-P
Total P
F
Charge Balance
Cations (meq/kg)
Anions (meq/kg)
% difference

Surface Water Samples
SW-2D
SW-2S

SW-1D

SW-1S

SW-3D

SW-3S

24.5
9.70
21.8
1.83
0.0019
0.009
0.030
0.015
0.042
0.048
1.35

24.7
9.79
21.7
1.82
0.0017
0.006
0.023
0.014
0.042
0.047
1.34

23.2
9.67
21.6
1.72
0.0021
0.072
0.068
0.036
0.040
0.044
1.51

23.1
9.61
21.7
1.78
0.0017
0.012
0.069
0.034
0.040
0.045
1.51

26.0
9.92
20.9
1.89
0.0019
0.009
4.12
0.524
0.045
0.077
3.11

23.1
9.58
21.4
1.70
0.0016
0.008
0.085
0.042
0.040
0.044
1.54

92
41.0
0.010
0.040
0.004
4.17
<0.010
0.009
0.025
0.10

87
41.2
0.010
0.039
0.004
4.16
<0.010
<0.005
0.010
0.10

87
40.7
0.013
0.010
<0.002
4.01
<0.010
<0.005
0.015
0.10

86
40.7
0.012
0.014
<0.002
4.02
<0.010
<0.005
0.015
0.10

99
39.5
0.016
<0.001
<0.002
1.44
<0.010
0.059
0.318
0.10

84
40.9
0.012
0.016
<0.002
4.00
<0.010
<0.005
0.011
0.10

3.02
3.09
-1.19

3.03
3.00
0.58

2.94
2.98
-0.63

2.93
2.96
-0.37

3.07
3.13
-0.88

2.92
2.92
-0.08
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Table 3. Water Quality Analysis – Groundwater
Location
Cations (in ppm)
Ca
Mg
Na
K
Li
Al
Fe
Mn
Sr
Ba
Si
Anions (in ppm)
Alk. (as CaCO3)
Cl
Br
NO3-N
NO2-N
SO4
S2O3
PO4-P
Total P
F
Charge Balance
Cations (meq/kg)
Anions (meq/kg)
% difference

433255

127293

233149

Well Samples
450669
WBYC

226566

151596

596636

Blank

57.4
19.1
23.2
1.78
0.0031
0.011
1.03
0.769
0.085
0.126
9.93

63.1
22.3
8.10
1.63
0.0026
0.009
0.146
0.007
0.057
0.012
9.29

48.3
20.9
5.69
2.18
0.0022
0.003
0.233
0.050
0.095
0.029
6.47

60.3
25.2
5.29
1.46
0.0046
0.004
0.674
0.342
0.107
0.086
10.3

56.0
19.7
4.41
3.45
0.0017
0.005
1.46
0.165
0.030
0.011
8.24

56.1
20.4
8.77
1.71
0.0027
0.006
0.003
0.026
0.073
0.021
7.98

61.6
22.6
7.29
3.21
0.0029
0.006
1.92
0.441
0.190
0.152
8.37

70.3
28.9
6.46
1.67
0.0049
0.005
0.582
0.261
0.148
0.087
9.54

0.25
0.005
0.50
0.13
<0.0005
<0.005
0.003
0.004
0.014
0.003
0.03

24.7
9.78
21.7
1.81
0.0018
0.012
0.023
0.015
0.042
0.046
1.34

57.5
19.2
22.7
1.78
0.0031
0.009
1.05
0.770
0.085
0.126
9.89

193
53.2
0.037
<0.002
<0.003
5.63
<0.015
0.012
0.053
0.14

212
20.7
0.032
0.396
<0.003
19.9
<0.015
<0.008
0.010
0.15

207
9.07
0.024
<0.001
<0.002
0.81
<0.010
0.009
0.009
0.19

236
6.66
0.024
<0.001
<0.002
22.0
<0.010
<0.005
0.052
0.18

219
4.23
0.020
<0.001
<0.002
5.73
<0.010
0.021
0.195
0.32

204
22.0
0.027
0.330
<0.003
9.28
<0.015
<0.008
0.002
0.18

228
25.0
0.049
0.006
1.63
0.10
<0.010
0.018
0.291
0.17

267
16.0
0.024
<0.001
<0.002
16.6
<0.010
<0.005
0.035
0.17

<0.01
0.06
<0.005
<0.001
<0.002
0.04
<0.010
<0.005
<0.001
<0.01

85
41.2
0.009
0.039
0.004
4.17
<0.010
<0.005
0.011
0.01

195
53.1
0.038
<0.002
<0.003
5.61
<0.016
0.009
0.053
0.16

5.49
5.48
0.12

5.38
5.27
1.02

4.44
4.42
0.19

5.35
5.37
-0.16

4.70
4.63
0.70

4.91
4.92
-0.18

5.34
5.39
-0.46

6.22
6.14
0.60

0.04
0.00
87.64

3.03
2.95
1.31

5.49
5.52
-0.31
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Quality Control
SW-1S (D) 433255 (D)

a. Surface Water
83. In the late summer or fall lakes in Minnesota develop a thermal
stratification. Water near the surface cools while deeper water stays relatively
warm. Eventually the lake water turns over as the denser cool water sinks to
replace the warm water near the bottom. Until the lake turns over, deep lakes
typically have less oxygen near the bottom due to lack of contact with the
atmosphere, oxygen depletion by decaying plant and animal matter, and little
plant growth. The relatively high concentration of iron and silica and low
concentration of sulfate in sample SW-3D indicates that the deepest parts of
White Bear Lake were anoxic on October 10, 2013 when the samples were
collected. If oxygen were present, the iron and silica would have oxidized and
precipitated out of solution. It is unlikely that the sample was contaminated with
lake sediment, because other parameters such as calcium, magnesium, and
aluminum were relatively low. The deepest part of the White Bear Lake could be
anoxic because the lake had not yet turned over, or because that part of the lake
is heavily influenced by groundwater inflow.
84. Groundwater usually has higher concentrations of calcium,
magnesium, and silica than surface water. As water moves through the ground,
it dissolves and transports calcium, magnesium, and silica from the surrounding
soils and rocks. Higher concentrations of these elements in lake water often
indicate that the lake receives more groundwater.
85. Rainwater has less than 1 ppm silica while most groundwater is 8 to
12 ppm. Lakes with high groundwater contribution typically have greater than 4
ppm of silica. However, some aquatic plants use silica which could lower this
value artificially. White Bear Lake had silica concentrations of 0.24 and 1.83 in
1990 and 2003, respectively (Table 6). In 2003, White Bear Lake had
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concentrations of 1.34-1.54, with the exception of sample SW-3S discussed above.
This is an indicator that White Bear Lake receives more groundwater than many
lakes in northern Washington County, but it is not a strong indicator that the
hydrology is controlled by groundwater.
86. In Washington and Ramsey Counties, the calcium/magnesium
relationship becomes more complicated. Some groundwater in lakes originates
from the New Ulm Formation (Des Moines Lobe glaciation) and some originates
from the Cromwell Formation (Superior Lobe glaciation) (See the Surficial
Geology Map on Figure 7). Groundwater from the Des Moines Lobe deposits has
naturally high concentrations of calcium, magnesium, and strontium for two
reasons. First, calcium and magnesium are common elements in the marine
carbonate rocks typical of the Des Moines Lobe deposits. Second, Des Moines
Lobe deposits are relatively rich in organic deposits, which result in higher
concentrations of carbon dioxide and carbonic acid in the groundwater. The
carbonic acid increases the dissolution of calcium and magnesium from the
surrounding rocks.
87. In order to compare groundwater input to different lakes in northern
Washington County, we used the following ratio:
(Ca/20 + Mg/15)/Sr
This represents the molar sum of the calcium and magnesium concentrations
divided by the strontium concentration (all concentrations in ppm). Dividing by
the strontium concentrations normalizes the natural differences between
groundwater that originated in (recharged through) the Des Moines Lobe and
Superior Lobe glacial deposits. Lakes in the study area had ratios that varied
from 20 to 63 (Table 4). In 1990 and 2003, White Bear Lake showed a ratio of 3536. In 2013, White Bear Lake showed ratios of 47-49. As with the silica
concentration discussed above, this is an indicator that White Bear Lake receives
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relatively more groundwater than many lakes in northern Washington County,
but it is not a strong indicator that the hydrology is controlled by groundwater.

Table 4. Concentrations of Groundwater Indicators in Lake Samples in Northern
Washington and Ramsey Counties
Name
Big Carnelian
Big Marine
Big Marine
Big Marine
Big Marine
Big Marine
Clear Lake
Forest
Goggins
Little Carnelian
Long (lake)
Long (wetland)
Louise
Mays
Oneka
Pine Tree
South Twin
Square
Square
Sunset
Sylvan Lake
White Bear
White Bear
White Bear SW-1D
White Bear SW-1S
White Bear SW-2D
White Bear SW-2S
White Bear SW-3D
White Bear SW-3S

b.

Date
01/04/01
02/02/90
02/02/90
06/25/03
09/08/00
02/07/01
02/02/90
02/02/90
11/15/02
01/04/01
06/25/03
06/25/03
06/25/03
06/25/03
05/22/03
06/25/03
04/10/03
06/25/03
10/05/99
06/25/03
03/07/90
06/04/90
06/25/03
10/10/13
10/10/13
10/10/13
10/10/13
10/10/13
10/10/13

Si [ppm]
1.1
0.18
0.18
0.93
1.8
10.0
0.46
3.5
0.2
0.4
0.51
10.7
0.85
1.33
0.12
2.45
0.36
5.0
5.7
0.32
0.95
0.24
1.82
1.35
1.34
1.51
1.51
3.11
1.54

(Ca/20+Mg/20)/Sr
[ppm]
53.183
42.548
42.548
46.438
39.379
57.388
20.367
45.060
28.502
50.204
44.006
50.335
29.778
53.627
20.985
36.661
40.633
59.994
57.852
42.563
63.918
35.475
35.847
48.413
48.829
49.146
48.896
47.259
48.833

Groundwater

88. Strontium concentrations are higher in wells 450669, 151596, and
596636, located in the northern part of the site. This indicates that the wells likely
receive more water that has recharged through the Des Moines Lobe deposits
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north of White Bear Lake. It also supports the concept that the Prairie du ChienJordan aquifer is hydraulically connected to the ground surface and the shallow
glacial aquifers above it. Wells completed in the Prairie du Chien aquifer are
influenced by rainwater and surface water recharge that occurs a short distance
away.
89. Well 433255 has relatively high concentrations of sodium (Na) and
chloride (Cl). This indicates influence by a salt source, possibly runoff from
salted roadways. It may also indicate a connection to White Bear Lake, although
concentrations of other anions and cations in the sample are typical of
concentrations found in groundwater. Wells 12793, 226566, and 151596 also had
elevated chloride concentrations, indicating probable influence by lake water or
other source of chlorine. Only wells located on the downgradient (south and
west sides of White Bear Lake had elevated chloride concentrations.
90. Well 151596 had an unusually high concentration of nitrite nitrogen
(NO2-N). This can only occur in an anoxic, reduced environment. Otherwise,
the nitrite quickly reacts to become nitrate (NO3-N) in the presence of oxygen.
This is similar to the condition noted in the deepest part of White Bear Lake and
sample SW-3D.
91. USGS used other indicators to demonstrate that lake water was
entering Prairie du Chien-Jordan wells downgradient of White Bear Lake. Figure
12 shows results of analysis of stable isotopes of oxygen and hydrogen (oxygen18/oxygen-16, deuterium/protium) in groundwater around White Bear Lake.
The blue area inside each circle on the figure represents the percentage of lake
water in each sample. Results show lake water in wells on the downgradient
(south and west) side of White Bear Lake but not the upgradient (north and east)
side of the lake.
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Figure 12. Oxygen-18/oxygen-16 ratios and deuterium/protium ratios and percentage
contribution from groundwater and surface water for well-water samples near White Bear
Lake, northeast Twin Cities Metropolitan Area, Minnesota (USGS, 2013)
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10. Summary Table of Groundwater/Surface Water Interaction
Indicators
92. EOR (2003) developed a methodology for evaluating the
groundwater/surface water interactions in lakes in northern Washington
County. The classifications used are very similar to the classifications used by
the Metropolitan Council (Barr, 2010) to describe groundwater and surface water
interactions. The criteria used to determine the “groundwater function” are
shown on Table 5.
93. EOR (2003) evaluated 50 lakes in northern Washington County. A
summary table of is shown in Table 6. The results of this current study are
consistent with the findings of the 2003 study. White Bear Lake is a high
connection, groundwater driven, flow-through lake.
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Table 5. Lake Data and Groundwater Function Criteria (EOR, 2003)
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Table 6. Lake Data and Groundwater Function (EOR, 2003)

* Data not available to determine source water
** Updated to reflect 2013 data
O = Outflow, I = Inflow
FT = Flow Through, R = Recharge
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Lake Data and Groundwater Function (EOR, 2003), continued

94.

5 year**

O>I **

* Data not available to determine source water
** Updated to reflect 2013 data
O = Outflow, I = Inflow
FT = Flow Through, R = Recharge
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Variable **

11. Water Budget Model
95. Background. In order to better understand White Bear Lake and
how groundwater affects the overall water balance of the system, a water budget
model was developed for White Bear Lake. A water budget model is simply a
summation of inputs, outputs and net changes to a particular water resource
system over a fixed period of time. Creation of a water budget model provides a
better understanding of how the various water inputs and outputs affect a
particular water body.
96. Model Background. The water budget model was developed using
Microsoft Excel 2010. A summation of all of the inputs and outputs to the system
were performed on a daily time step for the period of record from 1996 through
2012. The time period selected is based on the years where data was available for
all of the inputs and outputs needed for creation of the model. The limiting data
set was well data in the Prairie du Chien Aquifer near White Bear Lake.
97. Model Components. For each time step in the water budget of White
Bear Lake the change in volume is calculated. This is then converted to a depth
and a new lake elevation is calculated. The inputs to the system are precipitation
directly on to the lake, watershed runoff driven by precipitation on the
contributing, surrounding landscape, and groundwater inflow. The outflows
from the system are evaporation from the surface of the lake, surface outflow
when the lake reaches its outlet elevation and groundwater outflow. The
combination of groundwater inflow and groundwater outflow can be
represented as net groundwater flow. This can be represented by the following
equation.

where:
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∆L = the change in lake elevation
P = the depth of precipitation that falls on the lake
R = the volume of runoff divided by the current lake area
E = the depth of evaporation removed from the lake
O = the volume of water discharging through the lake outlet divided by
the lake area
GW = the net volume of groundwater leaving the lake divided by the
current lake area

98. Each of the model components is discussed below. The discussion
includes the data that was used, how it was processed and any coefficients or
equations used. The terms in the equation are dimensioned to be proportional to
changes in lake depth for each time step.
99. Precipitation (P). Precipitation data was downloaded from the
University of Minnesota Climatology Working Group website
(http://climate.umn.edu/doc/historical.htm). Daily precipitation was obtained
using the target selection tool and acquiring data from the closest stations to the
center of White Bear Lake. The downloaded data set is contained in a text file
which was then brought into Microsoft Excel for use in the model. The data set
occasionally contains a date with missing data. These dates were assumed to
have zero precipitation for purpose of the modeling.
100. Watershed Runoff (R). The watershed runoff represents the flow that
would be generated to the lake from the surrounding landscape. The Soil
Conservation Service (SCS) Method is a common method used by hydrologists
and engineers to estimate watershed runoff. This method was established by the
Soil Conservation Service (SCS 1957) based on a dimensionless hydrograph,
developed from a large number of unit hydrographs ranging in size and
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geographic location (Bedient and Huber, Hydrology and Floodplain Analysis, 1992).
This method accounts for abstractions on the landscape and soil type and land
cover using established curve numbers (CN) based for various soil/land use
combinations.
101. The Rice Creek Watershed District has constructed SWMM and
SWAT models for the White Bear Lake Watershed (Houston Engineering, 2012).
These models both contain calculated CN values based on soil types and land
use. The District’s models incorporate the surface area of White Bear Lake. Since
rainfall on the lake surface is independently modeled in the water budget, the
lake area was removed from the District’s watershed model and the CN adjusted
accordingly. Based on these calculations a CN value of 78.6 was used for the
watershed area not including White Bear Lake. The following SCS formulas
were then used to estimate watershed flows for each precipitation event.

where
Q = Direct Runoff in inches
P = Precipitation in inches
S = Potential Abstraction

and
CN = Curve Number
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102. Evaporation (E). Pan evaporation data was retrieved from the
University of Minnesota Climatology Working Group website
(http://climate.umn.edu/img/wxsta/pan-evaporation.htm). The data comes
from the St. Paul Campus Climatological Observatory 21-8450-6. This data is
available in monthly values. In order to use a daily time step in the model, the
monthly values were divided by the number of days in each corresponding
month. This average value was used in the model for each of the days associated
with the corresponding month and year.
103. Pan evaporation is the measured amount of evaporation from a
standard weather bureau class A pan, an open galvanized iron tank 4 feet in
diameter and 10 inches deep mounted 12 inches above the ground. To estimate
evaporation, the pan is filled to a depth of 8 inches and must be refilled when the
depth has fallen to 7 inches. The water surface level is measured daily, and
evaporation is computed as the difference between observed levels, adjusted for
any precipitation measured in a standard rain gauge. Pan evaporation rates are
higher than actual lake evaporation and must be adjusted to account for
radiation and heat exchange effects. The adjustment factor is called the pan
coefficient, which ranges from 0.64 to 0.81 and averages 0.70 for the United States
(Bedient and Huber, Hydrology and Floodplain Analysis, 1992).
104. NOAA Technical Report NWS 33 of the U.S. Department of
Commerce, National Weather Service, dated 1982, provides a map of coefficients
to convert Class A pan evaporation to free water surface evaporation. Based on
this map the coefficient is approximately 0.80 for the White Bear Lake area.
105. The 0.80 coefficient was used to convert the available pan evaporation
data to estimated daily lake surface evaporation using the following formula.

where

72

k = pan coefficient

106. Lake Outlet (O). When the lake reaches its outlet elevation it starts to
discharge. The lake discharges to the north through two 18-inch by 28-inch
reinforced concrete arch pipes with upstream invert elevations of approximately
924.3 feet (MSL 1912 Datum). The outlet rating curve developed for the DNR
1998 White Bear Lake Lake-Ground Water Interaction Study (page 38) was used
to estimate discharge from the outlet (in cubic feet per second) at different lake
elevations. This is represented in the first two columns of the table below. This
data was then converted to head above the outlet in feet and a corresponding
discharge per day represented in acre-feet per day as shown in the last two
columns of the table below. The Microsoft Excel lookup function was used to
quantify lake outflows in acre-feet per day based on modeled lake elevation for
that particular day.
Table 7. White Bear Lake Stage-Discharge Relationship
Elevation Discharge
(feet)
(cfs)

Head above outlet
Discharge
(feet)
AC-FT/DAY

924.3

0

0

0

924.4

0.007

0.1

0.0138843

924.5

0.03

0.2

0.0595041

924.6

0.1

0.3

0.1983471

924.7

0.37

0.4

0.7338843

924.8

0.7

0.5

1.3884298
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924.9

1.4

0.6

2.7768595

925.0

2.2

0.7

4.3636364

925.1

3.5

0.8

6.9421488

925.2

5

0.9

9.9173554

925.3

7

1

13.884298

925.4

8

1.1

15.867769

925.5

9

1.2

17.85124

925.6

10

1.3

19.834711

925.7

11

1.4

21.818182

925.8

12

1.5

23.801653

925.9

13

1.6

25.785124

926.0

15

1.7

29.752066

926.1

16.5

1.8

32.727273

926.2

18

1.9

35.702479

926.3

19.5

2

38.677686

107. The lookup function is only valid for the elevations between 0 and 2
feet. Below zero the discharge is always zero and for this modeled time period
the lake never exceeded 2-feet above the outlet.
108. Groundwater Net Flow (GW). The Prairie du Chien aquifer sits
below White Bear Lake and is hydraulically connected to the glacial aquifer as
has been demonstrated by the 2013 USGS report titled: Groundwater and surfacewater interactions near White Bear Lake, Minnesota, through 2011. Based on
observation well records near the lake, the Prairie du Chien hydraulic head level
is lower than the water surface of White Bear Lake. This results in seepage from
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White Bear Lake into the underlying aquifer. The difference in hydraulic head
along with the permeability of the soils between the bottom of the lake and the
underlying aquifer drive the amount of water that is leaving the lake. Darcy’s
Law is used to calculate flow through a porous media and can be represented by

the following equation.
where
Q = discharge
k = hydraulic conductivity
A = cross-sectional area of the porous media
= difference in hydraulic head from one side of the media to the
other
L = is the distance of travel through the porous media

109. If we assume that k, A and L are constants, then the only thing that
would increase or decrease flow leaving the lake to the Prairie du Chien Aquifer
would be the difference in head between the surface elevation of the lake and the
hydraulic head in the aquifer. DNR observation well 62044 is located in the
Prairie du Chien aquifer and immediately adjacent to White Bear Lake on the
South Central portion of the lake. The well data is continuous from 1996 through
2012, however the time step varies. The well data was converted to a daily
elevation. The difference in hydraulic head can then be calculated based by
subtracting the well water level from the lake water surface elevation. We can
then apply a single constant to represent kA/L. This represents the unknown
that will be used in calibration to provide an estimate of the seepage from White
Bear Lake into the underlying aquifer.
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110. Lake Elevation to Area Relationship. As the lake water level rises or
falls, the water surface area of the lake changes. The DNR lake map for White
Bear Lake, dated August 3, 1978, was used to develop a lake elevation to area
relationship for White Bear Lake. GIS contour elevations based on this map were
downloaded from The DNR Data Deli Web site:
http://deli.dnr.state.mn.us/metadata.html?id=L390001700202 (Originator of the
data: DNR Division of Ecological Services - Lake Mapping Unit; DNR Division of
Fisheries; DNR MIS Bureau). Using ArcEditor 10.1 tools the lake areas at each
contour elevation were calculated. The contours are represented by lake depths
on the map. In order to convert depths to lake elevations the field work date
from the map was used to estimate the lake elevation at the time of the survey.
The August 3, 1978 map indicates that the field work was performed in May of
1978. The elevation of White Bear Lake during May of 1978 was approximately
922.8. Using this elevation the lake depths contours were converted to lake
elevation contours (MSL 1912 Datum).
Table 8. White Bear Lake Elevation-Area Relationship
Contour [feet] Elevation [feet] Area [acres]
0

922.8

2,435

5

919

1,942

10

914

1,437

15

909

1,097

20

904

837

30

894

510

40

884

192

76

50

874

71

60

864

41

70

854

22

80

844

4

86

838

0

111. In order to be able to calculate a lake area for all elevations a 3rd order
polynomial was fit to the data using the trend line function in Microsoft Excel.
This equation was then used in each time step in the model to calculate the lake
area based on lake elevation. The following graph shows the plotted data points
and the 3rd order polynomial trend line and equation.

Figure 13. White Bear Lake Elevation-Surface Area Curve Fit
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112. Lake elevation data was downloaded from the DNR Lake Finder.
Recorded lake elevation data is available from 1924 to present. Lake elevations
are provided in MSL 1912 datum. Lake elevation data was used to compare
modeled results to actual lake elevations.
113. Model Calibration. Established values are available for all values
except for the groundwater exchange. Therefore, the initial model was run
without a groundwater component to determine the closeness of the match
between modeled lake levels and recorded lake levels. Without the groundwater
exchange the model lacked the ability to mimic recorded lake levels.
Adjustments to other parameters within accepted variances also did not provide
an acceptable match. The chart below shows the modeled results with no
ground water exchange and the recorded lake levels.
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