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Abstract

Lake Erie has been a great source of economic growth and drinking water for both Canada
and the United States. All lakes in temperate regions that stratify during summer are
prone to hypoxia as they will experience some degree of dissolved oxygen (DO) depletion
in the hypolimnion, however, Lake Erie has been very unlucky as it experiences almost all
the classes of hypoxic conditions due to its thin hypolimnion. Lately, many researchers fo-
cus on Lake Erie to understand the reasons for the abnormally large harmful algal blooms
in Lake Erie and its hypoxic and anoxic conditions which has been negatively affecting
its aquatic ecosystems and services, water quality, etc., which in turn has impacted the
economy.

Understanding the lake’s thermal structure and circulation patterns are crucial for precise
assessment of the water quality, physics, and biochemical characteristics, and also the ef-
fects of climate change on the lake in order to make informed management decisions. In
this thesis, the 3-D hydrodynamics MITgecm was used to model a simple Idealized Lake
and Lake Erie to study the sensitivity of their thermal structures and circulation patterns
to different external driving forces using the two common 2-band short wave parameteriza-
tions, Jerlov TA and III and a 3-band short wave radiation model to simulate the motion.
The simple idealized lake was forced with South-North linearly varying winds, long wave
and short wave radiation, relative humidity, and air temperature while Lake Erie was mod-
eled on a 500 m horizontal grid and forced with the meteorological data obtained from the
National Water Research Institute of Environment Canada and the National Data Buoy
Center for year 2008. The model results from simulating the simple Idealized Lake (the
modeled current in the upper layer) has a good agreement with the analytical results, this
confirms the robustness of MITgecm model. Our work suggests that the 2-band model
(Jerlov TA and IIT) produced less warm water in the shallow areas than the 3-band model
especially during summer period where it (the 3-band model) overestimated the water tem-
peratures, thus, we suggest that the 3-band model should only be employed when modeling
deep lakes for accurate predictions of the thermal structure. We also found out that the
overly warm water in lakes is due to solar radiation (short wave and long wave radiation)
and not the air temperature and the inflow water temperature forcings e.g. (1)the water
in the Idealized Lake warms up quickly when we modeled with no shortwave radiation but
with long wave and cools down faster when modeled with no long wave and no shortwave
and (2) the effects of the changes in external forcings in some of our model have slight
influence on the thermal structure at 20 m depth and no impact at 1 m and 10 m depths
in the eastern basin and central basin (image not shown).
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Chapter 1

Goals and Outline of the Thesis

The main goals of this thesis are: (1) To examine the sensitivity of the circulation patterns
and thermal structure of idealized lakes and Lake Erie for short (8 days) and seasonal
(180 days) time periods to di erent driving forces using the 2-band (Jerlov IA, 1B, and
[1) and a 3-band short wave radiation as implemented in the MITgcm model to simulate
the motion. (2) To compare the results from our models for the period and locations of
interest and make conclusions accordingly.

The thesis is organized as follows:

In chapter 2, we discuss dierent types of lakes as characterized by the occurrence of
lake{wide mixing events. We introduce some terms (such as thermal strati cation, eu-
trophication, hypoxia, etc.) that are relevant to the thesis and which also shed more light
on why signi cant researcher e orts have recently focused on Lake Erie.

Chapter 3 focuses on the physical processes in lakes and some of the driving forces, with
more emphasis on solar radiation and wind forcing. This is done, because these two phys-
ical drivers have a proven in uence on the seasonal variation of temperature distribution

in lakes.

In chapter 4, we discuss model equations (e.g. conservation laws) and some theory relevant
to this thesis.

Chapter 5 describes the model used for our simulations, the MITgcm, how it was developed
and the theories behind its development. The model setups for both the Toy Lake and
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Lake Erie con gurations are presented here as well.

Chapter 6 and 7 both report on simulations using the MITgcm to model the Toy Lake
and Lake Erie, respectively. These two chapters could be presented together, however we
decided to separate them for easy navigation between the two lakes of interest. In these
chapters we describe our models based on the driving forces employed, presents the results
from our models in form of images and plots, and then compare the results.

Chapter 8 outlines our conclusion from simulating the motion in both idealized lakes and
Lake Erie using various driving forces and outlines possible future work.



Chapter 2

Introduction

2.1 Lakes

A lake is a large body of water localized in a basin and surrounded by land ([24]; [43]
[19]. Most lakes are fed and drained by rivers and streams. They can be natural (those
that are found in mountainous areas, rift zones, or areas that have gone through glacia-
tion e.g. lakes in northern Ontario) or arti cially constructed for reasons like industrial,
domestic (drinking), agriculture, recreation, hydro-electricity generation, etc. There are
about 1:42 millions lakes in the world with varied depth, area, and volume ([4]; [19]; [43]).
Canada is estimated to home about 60% of the total number of lakes in the world with
879 800 lakes.

Most of the lakes on Earth lie in the Northern Hemisphere at higher latitudes and are
freshwater ([4]; [19]; [43]). Further, most lakes have at least one natural out ow (e.g river
or stream). Lakes without a natural out ow drain their excess water through evaporation
or underground seepage or both [43]. There are ve Laurentian Great Lakes in North
America; Lake Superior (82;000km?) , Lake Huron (60;000km?), Lake Michigan
(58;000km?), Lake Erie (25;700km?), and Lake Ontario (19;000km?) ([4]; [19]; [43]).

Lakes play an important role in in uencing the ecology and weather patterns of an area,
in fact, all the lakes in the world (together) have profound e ects on the global climate
[39]. A lake's health depends greatly on the dissolved oxygen concentration which also
determines the amount of aquatic plants and animals in the lake ([39]; [13]).



Nitrogen and phosphorus are the most common nutrients in lakes. They are usually prod-
ucts of in uxes from runo and human activities [39]. Nitrogen and phosphorus are very
important for the growth of aquatic plants and animals such as algae, bacteria, etc.; they
support the aquatic ecosystem at the base of the food web [13]. However, when these nu-
trients are in abundance (eutrophication, more details on this later), it leads to continuous
rapid multiplication (reproduction) of the aquatic plants and animals, then consequently
increases the rates of respiration and decomposition, which will subsequently cause oxygen
depletion in some parts or throughout the lake.

2.1.1 Lake Zones

Most lakes have three distinct zones, except for some really deep lakes that have four zones.

1. The Littoral Zone is the near shore and shallow portion of the lake where sunlight
penetrates to the bottom of the lake to aid photosynthesis for the growth of aquatic
plants.

It was de ned by the Minnesota Department of Natural Resources as the portion of
the lake that is 15 feet or 4572m in depth.

2. The Limnetic or Pelagial Zone s the open area of the lake where light does not
penetrate to the bottom, it is away from the bottom and at the same time far from
the shoreline [24]. The major di erence between littoral and the limnetic zones is
that the littoral zone supports growth of rooted plants which is impossible in the
limnetic zone because of the lack of sunlight to aid photosynthetic-activities.

3. The Benthic Zone is the bottom that is covered by an area of mud, rocks, gravel,
etc. where animals live.

4. Profoundal Zone is the deepest portion of an extremely deep lake (e.g. Lake Baikal
in Russia); below the range of light penetrations.



Figure 2.1: Schematic showing the three distinct zones of a lake [32].

2.1.2 Types of Lakes

Lakes can be classi ed into three categories based on the number of times mixing events
or overturns occur in a year [24].

1. Holomictic Lakes mix one or more times per year down to the bottom [24]. They
are lakes in which the temperature and the density are uniform from the surface to
the bottom at a speci c time of the year, this results in complete mixing of the lake
[27]. Most lakes are holomictic. There are four types of holomictic lakesonomic-
tic lakes , dimictic , polymictic lakes , and oligomictic lakes .

(@) Monomictic Lakes are lakes that mix from the surface to the bottom during
one mixing period each year [45]. Monomictic lakes can be grouped into two
sub-categories;

i. Warm monomictic are lakes that are never frozen, mix one per year, and
are stably strati ed for the rest of the year ([27]; [45]). During summer,
the waters at the surface and bottom do not mix due to the di erence in
the densities. During winter, the temperature of the surface water is equal
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to the bottom water, thus, there is no signi cant strati cation formed and
consequently, the lakes mix thoroughly from the surface to the bottom
throughout the winter. They can be found in both temperate and tropical
climate regions.

ii. Cold monomictic are lakes that are covered by ice for most of the year,
warms su ciently enough to thaw but the temperature does not exceed®4
C, thus the ice inhibits mixing during winter ([27]; [45]). During summer,
there is no major strati cation formed, hence, the lake mix thoroughly from
the surface to the bottom. These types of lakes are common in cold climate
regions.

(b) Polymictic lakes are never ice-covered, do not develop serious strati cation
as a result of their shallowness, hence, they experience several episodes of com-
plete mixing per year. ([27]; [46]). Even though these kinds of lake are often
well mixed from the surface to the bottom on average, however, some weak and
temporary strati cation can be formed during low-wind periods. Like monomic-
tic lakes, polymictic lakes can also be grouped into two sub-categories;

I. Warm polymictic lakes  are found in region that does not develop ice-
cover during winter [27].

ii. Cold polymictic lakes are lakes that are ice-covered during winter period
[27].

(c) Dimictic Lakes are lakes whose temperature di erence between the surface
and bottom is negligible twice per year, in spring and fall ([27]; [24]; [41]). They
are ice-covered for some part of the year, stably strati ed for some part of the
year, and mix in spring and fall. Lake Superior is an example of a dimictic lake.

(d) Oligomictic Lakes are never ice-covered, strati ed for most part of the time,
however cooling enough to mix in some years but not in others ([27]; [24]).

2. Meromictic Lakes are lakes that have layers of water that do not intermix for years,
decades, or centuries, that is, they rarely mix completely to the bottom ([24]; [44]).
Strati cation in this type of lake can be endogenic caused by internal events like
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accumulation of organic materials in the sediment and decaying or ectogenic which is
caused by external events such as intrusion of saltwater settling in the hypolimnion.
Meromictic lakes are divided into three distinct layers.

(a) Mixolimnion is the top layer and behaves essentially like holomictic lakes.
(b) Chemocline or Chemolimnion is the middle layer.

(c) Monimolimnion is the bottom layer and experience hypoxia with the dissolved
oxygen concentration less than ing L ! and saltier than the other parts of the
lake due to the lack of mixing between the layers.

3. Amictic Lakes are lakes that are ice-covered always and can be found in Arctic,
Antarctic, and alpine regions ([27]; [40]). They exhibit inverse cold water strati ca-
tion, that is, the water temperature increase with depth. These lakes may experience
melting around their perimeters during summer.

2.1.3 Eutrophication

One of the major issues a ecting a lake's health isutrophication . It happens in the
presence of excess nutrients like phosphorus and/or nitrogen in the lake mostly as a re-
sult of runo from the farmland, untreated sewage, etc. This process usually results in
increased plants growth and algal blooms, increased oxygen demand and low or no oxygen
production, and subsequently sh death due to insu cient oxygen ([34]; [36]; [14]).

2.1.4 Lake Erie and its Geometry

Lake Erie is the fourth largest Laurentian Great Lake by area. It is about 40@m long
and 90 km wide [5]. It is the shallowest, smallest by volume, most biologically produc-
tive, the southernmost of the Laurentian Great Lakes, and the eleventh largest globally
by surface area ([5]; [38]). It is situated on the international boundary between Canada
and the United States. Lake Erie is situated below Lake Huron and to the west of Lake
Ontario ([5]; [48]). Its shore length, area, and water volume are 1286n, 25700km?,
and 545km3, respectively with a mean depth of 19n ([5]; [24]). Lake Erie has three
distinct basins; the shallow part with average depth of :4 m is called thewestern basin ,
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