Stable isotope mass balance of the

North American Laurentian Great Lakes

Scott Jasechko

A thesis
presented to the University of Waterloo
in fulfilment of the
thesis requirement for the degree of
Master of Science
in

Earth Sciences

Watetloo, Ontario, Canada, 2011

© Scott Jasechko 2011



Author's Declaration

I heteby declare that I am the sole author of this thesis. This is a true copy of the thesis, including any
required final revisions, as accepted by my examiners. I understand that my thesis may be made

electronically available to the public.

i



Abstract

This thesis desctibes a method for calculating lake evaporation as a proportion of water inputs (E/I) for
large surface water bodies, using stable isotope ratios of oxygen (380/160) and hydrogen ((H/!H) in
watetr. Evaporation as a proportion of inflow (E/I) is calculated for each Laurentian Great Lake using a
new dataset of 516 analyses of 3180 and 62H in waters sampled from 75 offshore stations during spring
and summer of 2007. This work builds on previous approaches by accounting for lake effects on the
overlying atmosphere and assuming conservation of both mass and isotopes (*O and 2H) to better
constrain evaporation outputs.

Results show that E/T ratios are greatest for headwater Lakes Superior and Michigan and lowest for
Lakes Erie and Ontario, controlled largely by the magnitude of hydrologic inputs from upstream chain
lakes. For Lake Superior, stable isotopes incorporate evaporation over the past century, providing long-
term insights to the lake’s hydrology that may be compared to potential changes under a future —
expectedly warmer — climate. Uncertainties in isotopically detived E/I ate comparable to conventional
energy and mass balance uncertainties. Isotope-derived E/I values are lower than conventional energy
and mass balance estimates for Lakes Superior and Michigan. The difference between conventional and
isotope estimates may be explained by moisture recycling effects. The isotope-based estimates include
only evaporated moisture that is also advected from the lake surface, thereby discounting moisture that
evaporates and subsequently reprecipitates on the lake surface downwind as recycled precipitation. This
shows an advantage of applying an isotope approach in conjunction with conventional evaporation
estimates to quantify both moisture recycling and net losses by evaporation.

Depth profiles of 80 /16O and 2H/'H in the Great Lakes show a lack of isotopic stratification in summer
months despite an established thermocline. These results are indicative of very low over-lake evaporation
during warm summer months, with the bulk of evaporation occurring during the fall and winter. This
seasonality in evaporation losses is supported by energy balance studies. For Lakes Michigan and Huron,
the isotope mass balance approach provides a new perspective into water exchange and evaporation from
these lakes. This isotope investigation shows that Lake Michigan and Lake Huron waters are distinct,
despite sharing a common lake level. This finding advocates for the separate consideration of Lake
Michigan and Lake Huron in future hydrologic studies.
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Chapter 1

Introduction and Background

This thesis describes the hydrology of the Great Lakes and uses stable isotopes of oxygen and hydrogen
in water to calculate the average evaporation flux as a proportion of total inputs (E/I) of each lake within
the residence time of each body. An approach to calculating E/T is developed with new modifications
that account for the incorporation of evaporated moisture into the atmosphere above a surface water

body.

The motivation for this work is to better the knowledge of the Great Lakes' water cycle. Large
uncertainties are associated with prior "conventional" estimates of precipitation and evaporation losses
over the Great Lakes (~40%). Stable isotopes provide a yet untested approach to estimating the average
evaporation losses from each Great Lake as a proportion of inflow within the Lake's residence time. A
stable isotope technique provides new insights to Lake Superiot's long term hydrologic operation over
the last 100 years, extending well beyond satellite and physical climate monitoring records. These
estimates provide a baseline estimate for Lake Superior evaporation losses; this may be a useful to
assessing changes to Lake Superior's hydrologic cycling under a changing climate.

Chapter one introduces the purpose of this study and describes the relevance of evaporation to the
Laurentian Great Lakes and significance to ecosystems in the region. The broad applicability of stable
isotopes of oxygen and hydrogen to hydrology is discussed. This section then reviews the history of
isotopic studies in hydrology dating back to the first uses in the 1950s. The applications of isotope mass
balances to surface water bodies are reviewed, specifically highlighting advancements in the study of lake
water balances. The chapter concludes by introducing the Laurentian Great Lakes basin. The bedrock
geology and Quaternary formation of the Great Lakes are presented. Finally, Great Lakes hydrology is
reviewed with estimated fluxes and uncertainties from previous approaches to the water balance of the
Lakes.

Chapter two describes sources of isotopic, climatic and physical datasets applied to this project. The
steps taken to develop input patameters for each lake's stable isotope mass balance are described in
addition to a derivation of the isotopic mass balance. Finally, the development of a model for quantifying
the contribution of recycled moisture to atmospheric vapour in the Great Lakes region is described.

Calculation results ate presented and discussed in chapter three. This includes calculations for
evaporation as a proportion of inflow for each of the North American Great Lakes and calculation
sensitivity analysis. The thesis concludes by summarizing major findings and discussing implications and
potential use of results in chapter four.

Delta notation is used in this thesis to refer to stable isotope ratios of oxygen and hydrogen. This is the
most common reporting method in the field of isotope geochemistry. Delta values are calculated
following: 8 = (R«/Rsranparp — 1)-1000 where R refers to the ratio of either 80/160 or 2H/'H and the
subscripts x and STANDARD refer to these ratios in the sample and international standard, respectively
(standard mean ocean water - SMOW - used here). The ratios of 2H/!'H and 180/160 in SMOW are
0.000155752:0.00000008 and 0.00200520£0.00000043, respectively (de Wit et al. 1980; Baertschi 1976).
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In other works, the isotope standard for oxygen and hydrogen stable isotopes is often reported as V-
SMOW ("Vienna" Standard Mean Ocean Water). This is meant to show the reader that the isotope
analysis was calibrated against both ocean water and SLAP (Standard Light Antarctic Precipitation). But
as Z.D. Sharp draws attention to, this rigorous approach is not completed by all laboratories and adding
the "V" to SMOW may simply complicate matters (Sharp 2007).

Isotopes of oxygen and hydrogen are incorporated directly into the water molecule, producing various
isotopologues of water. Although any combination of the three naturally occurring hydrogen isotopes
and three oxygen isotopes may combine to form an isotopologue only three will be considered here:
TH'H™O, "H'H'8O and 2H'H'O. Figure 1-1a shows a schematic of the naturally occurring isotopes of
hydrogen and oxygen. Figure 1-1b shows the H>O isotopologues considered in this thesis: IH'H'6O,
TH'H'O and 2H'H€O.
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Figure 1-1. Schematic of naturally occurring isotopes of oxygen and hydrogen. In the above figures,
black spheres represent protons and grey spheres represent neutrons; white circles highlight additional
neutrons that make the particular nuclide unique (an isotopel!). (a) Naturally occurring isotopes of oxygen
(left) and hydrogen (right). All shown here are stable with the exception of trittum (*H; half life of). (b)
The three most common isotopologues of H>O used in stable isotope geochemistry. From left to right:
TH'HO (18 a.m.u.), 'HIH¥O (20 a.m.u.) and 2H'H'*O (19 a.m.u.). Designed using Adobe Illustrator.
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1.1 Literature Review: Isotopes of oxygen and hydrogen in hydrology

The following section provides the necessary background for chapters two and three of this thesis. First,
advancements leading to the identification of the existence of isotopes of oxygen and hydrogen in nature
are discussed. Next, an overview of studies in the last 60 years that have led to the quantification of lake
evaporation rates applying a stable isotope mass balance are presented. Still, a knowledge gap exists: how
does the build-up of evaporated moisture over large surface waters influence downwind isotope effects
during evaporation? The requirement for a new approach for large systems that influence their own
climate is evident in many of the works reviewed in this section; this thesis describes such an approach.

This section describes the discovery of the elements of interest in this thesis - oxygen and hydrogen -
and their isotopes and introduces a selection of early works in the field of isotope hydrology.

The two elements oxygen and hydrogen were discovered in the eighteenth century. However, the
classical elements of earth, air, fire, and water were first proposed by the Greek philosopher Empedocles
(492 BC to 432 BC). Empedocles’ elements - despite being incorrect - were perhaps the first attempt to
describe the composition of matter on earth in terms of a select number of entities with differing
properties. Today, matter is described in terms of interaction between nuclides (a particle defined by its
nucleons - proton or neutron) of various chemical elements. Azmos were first proposed by the Greek
scientist Democritus (460 BC to 370 BC), who postulated that materials could only be divided to a
certain small size, after which point the particle would be indivisible. Unfortunately, the Greek
philosopher Aristotle (384 to 322 BC) discounted Democritus' remarkable and largely correct
theorization that matter consisted of indivisible afomos (atoms.) However, Aristotle did contribute to the
tield of earth science. Aristotle proposed a new approach to describing natural systems in terms of both
change and stability, the primary components of modern thermodynamics. These very eatly theories were
the first attempts to describe the composition of natural materials and lead to the discovery of the

elements as we know them today.

The discovery of the element oxygen occurred in the late 18% century when English historian and
scientist, Joseph Priestly, conducted an experiment by heating red mercury calx (HgO). This produced a
liquid metal (mercury: Hg) and also a gas that Priestly attributed to the prevailing notion of phlogiston, a
combustible substance that essentially combined two of the classic Greek elements of fire and air. Priestly
correctly identified the otiginal reactants as a compound, desctibing the reactant as "a metallic earth
united to phlogiston" (Priestly 1775). Priestly shared his work with a French scientist, Antoine-Laurent
Lavoisier, at a meeting in Paris. Lavoisier set out to repeat the experiment of Priestly; however, Lavoisier
added the important step of weighing his reactants and products. Lavoisier showed that by burning
sulphur or phosphorus, the product weighed more than the original sulphur or phosphorus that Lavoisier
burned. From the law of conservation of mass - which Lavoisier is credited as discovering - Lavoisier
proposed that a constituent in air is added to certain materials under combustion. The term "oxygen" was
developed by combining the terms acid (oxys) and forming (ger). The early discoveries made by Lavoisier
when he burnt sulphur and phosphorus and created an acid are now known to be sulphuric and
phosphoric acids formed by SO42 and PO4* molecules instead of oxygen alone. Lavoisier correctly
acknowledged that the addition of oxygen to the elements of phosphorous and sulphur produced an
acidic solute; although the production of acidic conditions is not a universal outcome for all dissolved
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products of combustion that contain the element oxygen, the title of oxygen persisted. It should be added
that Carl Scheele discovered oxygen prior to Joseph Priestly; however, Scheele did not publish his work
before Priestly and does not receive (perhaps due) credit for his discovery (Bryson 2003).

Lavoisier also named the element Hydrogen. From earlier works described by British scientist Henry
Cavendish, Lavoisier understood that the reaction of metals with strong acids produced an inflammable
substance. Both Cavendish and Lavoisier demonstrated that the combination of this inflammable
substance with oxygen produced water. Lavoisier is credited with coining the title hydrogen which is the
Greek translation of the word hudor for "water maker".

Although the discovery of the elements of oxygen and hydrogen occurred in the 18 century, it would
take another 150 years until the existence of the isotopes of oxygen and hydrogen were discovered. The
discovery of the stable isotopes of oxygen and hydrogen begins, as do all accounts of the evolution of
stable isotopes in science, with the discovery of isotopes (thorium and uranium; McCoy and Ross 1907)
and first scientific acknowledgement of isotopes (Soddy 1912; early history reviewed at a Nobel Lecture
delivered in 1922 - Soddy 1960). The term “isotopes” was first used by Soddy to distinguish radionuclides
with different decay rates and different atomic masses but identical chemical character. In his Nobel Prize
address, Soddy (1922) describes the current understanding of isotopes from his radioactive perspective:
"Put colloquially, their atoms have identical outsides but difference insides... These elements which are
identical in their whole chemical character and are not separable by any method of chemical analysis are
now called isotopes." The small mass differences between isotopes have since been demonstrated to
produce differences in physiochemical behaviour, so that the assumption of identical physiochemical
properties is no longer entirely correct. Separation techniques for many isotopes are now well established
and also occur during some natural processes. Soddy’s definition of an isotope is refined to now describe
nuclides that have an identical number of protons (Z) but a different number of neutrons (N) within the
atomic nucleus. The isotopes reviewed here are those that are incorporated into the water molecule:
oxygen and hydrogen.

The natural occurrence of stable isotopes of oxygen and hydrogen (1O, 17O, 180 and 'H, 2H) was not
confirmed for neatly two decades following the initial discoveries of Soddy and others. The formation of
an isotope of oxygen with mass 17 a.m.u. (17O) was first documented by Blackett (1925) who
photographed alpha particle (He?*; two protons, two neutrons) capture by a N atom and coincident
proton emission, essentially documenting the production of an oxygen atom with nine neutrons ('73O) -
instead of the much more abundant form with eight neutrons (160) - from a common nitrogen atom
(1*N). This isotope was later confirmed to occur naturally in the atmosphere as discovered through
infrared absorbance spectrum measurements by Giauque and Johnson (1929a). Oxygen of atomic mass
18 a.m.u. (180) was reported in the same year (Giauque and Johnson 1929b).

Hydrogen of atomic mass 2 a.m.u. (H, "deuterium;" Utrey et al. 1932) was discovered in 1932, despite
its occurrence in nature being questioned by early advancements in mass spectrometry. Until this point,
the majority of hundreds of isotopes had been discovered with Aston’s mass spectrograph. However, as
Urey states in his Nobel Prize address (at the young age of 41), none of these isotopes were as rare on a
percentage basis as the maximum abundance suspected for hydrogen of mass two (maximum deuterium
abundance of 'H:?H = 1:4500; Birge and Menzel 1931; this review for studies reporting prior to 2011
tinds natural lake waters range in 'H:2H between 1:5950 and 1:7500). Urey and his co-authors reported
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on a lengthy electrolysis process that concentrated 2H from water as a residue, and thus proved the
existence of 2H in nature (Urey et al. 1932).

The Second World War slowed progress in the study of variability of isotopes in nature; attention
turned to advancing separation techniques of isotopes for induced fission of 235Ur. Following the war,
Harmon Craig analyzed samples of water from rivers, lakes and precipitation for §2H and 6180 values.
Craig described a linear correlation between the values of 32H and 810 measured in these samples (Craig
19612). The trend follows a regression of 62H = 8:8180 + 10 (Craig's meteoric water line). Updated 82H-
3180 regressions for monthly samples from over 500 meteorological stations around the world agree with
the trend produced by Craig in 1961 with only tiny modifications (§2H = 8.13-3180 + 10.8; Rozanski et
al. 1993). However, it should be mentioned that Craig was not the first to report a correlation between
oxygen and hydrogen isotopes in water. Irving Friedman (Friedman 1953) should be credited as first
determining the correlation of 380 and 62H. A slope of ~8 is shown for results of waters (Figure 6 in
Friedman 1953). Friedman (1953) also suggests that evaporation to be an important process to explain
particularly high 6180 values of the Rio Grande (south-central United States) and Apalachicola (Florida)
Rivers.

The 8'80-82H regression is explained by an equilibrium fractionation process. Since the mass
difference between oxygen-18 and oxygen-16 is roughly 12.5%, and the mass difference between
deuterium (?H) and protium ('H) is roughly 100%, it follows that a slope of eight is entirely reasonable
based on equilibrium isotope effects resulting from mass differences alone (12.5/100 = 8). However, not
all samples followed the observed regression. As Craig (1961a) describes, “The straight line... represents
the relationship 8D = 8-8'80 + 10... and is seen to be an adequate fit to the data, except for waters from
closed basins in which evaporation is a dominant factor governing the isotopic relationship.” These
closed basins fall to the right of the 82H-8'80 regression line, with lower 62H values than the empirical
relationship of meteoric waters predicts as a function of 8180. The 82H /8180 slope of the closed basins is
closer to a value of four or five, as opposed to eight as is the case for precipitation. Craig proposed that
precipitation follows a Rayleigh distillation process at liquid-vapour equilibrium, but that evaporation is
controlled by kinetic isotope effects and atmospheric exchange, an observation described much more
quantitatively four years later. Moreover, if Rayleigh processes alone controlled evaporating systems then
closed basins would be expected to have extremely high 5180 and 82H in the heavy isotope species of
hydrogen and oxygen; however, the East African rift lakes, and other closed basins analyzed by Craig, are
not significantly different from those of meteoric waters, with the exception of lower 82H /8180 slopes.
Finally, the 8?H intercept of the regression line is ten (greater than zero). This implies that evaporating
moisture from the oceans, which is the ultimate source for precipitation, is not an equilibrium process;
otherwise, the intercept for meteoric waters (ten) would be identical to that of the oceans (zero) and that
is not observed. These observations demanded a closer evaluation of the processes governing the stable
isotope composition of the residual water in evaporating surface waters.

It should be mentioned that due to the advancements in the past century, the tracers of oxygen-18 and
deuterium are perhaps the most commonly measured isotopes in water cycle studies. Further, the
isotopes' capability to trace water sources and quantify a selection of governing process such as
evaporation, water-rock interaction, recharge conditions, water parcel mixing, and many others has
propelled stable water isotopes to become a conventional analyte in hydrogeology. The ability to use 8180



and 8°H measurements to quantify the extent of surface water evaporation is the focus of this thesis;
works leading to the formulation of the existing approach are discussed next.

The ocean, being the largest reservoir of water on the earth's surface, was chosen as the standard
reference for oxygen and hydrogen isotope measurements (Craig 1961b). Standard Mean Ocean Water -
SMOW - is the standard for measurements of stable oxygen and hydrogen isotopes in hydrology.
However, even the values of 8180 and 82H vary regionally within the oceans due to elevated evaporation
in semi-enclosed basins (Mediterranean Sea; Gat et al. 1996) or freshwater inputs to regions of the oceans
with relatively short residence times (<1000 years for the Arctic Ocean; Bauch et al. 1995). The same
water balance processes - freshwater inputs and evaporation - control the isotopic composition of water
within lakes.

The identification of lakes that fall below the meteoric water line by Craig (1961) demands an isotopic
composition for the outgoing evaporate that falls above the meteoric water line. Craig discovered that
instead of the slope of eight in 82H-8180 space, evaporating waters followed a slope closer to a value of
four or five. To produce these lower slopes, a relatively greater isotope effect must influence 180 /160
than 2H/'H. To estimate the isotope values for 82H and 8180 of outgoing evaporate (8g), a model
developed by Craig and Gordon (1965) is utilized. The model uses three general assumptions to calculate
the values of 82H and 880 for 8g (Gat 1996): (1) equilibrium conditions persist at the air-water interface
(relative humidity of 100%; isotope composition of vapour is in isotopic equilibrium with the surface of
the liquid); (2) the vertical flux of water is constant; and (3) no isotopic fractionation occurs during the
turbulent transportation of water. This model continues to be the basis for calculations of evaporating
moisture although some of the notation in the original publication is no longer used in the same manner.
Nearly five decades after its formulation, the model is still widely applied. Gonfiantini (1986) described
the approach as "subdividing the evaporation process into steps," and clearly demonstrates the wide
acceptance of the model "firstly proposed by Craig and Gotrdon (1965) and subsequently adopted by
everybody."

The Craig and Gordon (1965) model (C-G model) follows a Langmuir-type linear resistance model
coupled to an assumption of equilibrium (saturated) conditions at the liquid-air interface. Four
atmospheric layers are used to describe the boundary conditions of the atmosphere: (i) a saturated layer
(h=1) at equilibrium with the liquid, (i) a diffusive sub-layer at the liquid-air interface, (iif) a turbulent
sub-layer beneath (iv) a free atmosphere. The vapour flux from the liquid-air interface is assumed to be
proportional to the humidity gradient and transport resistance terms for both the diffusive (on) and
turbulent (pr) sub-layers. The resistance terms, under natural conditions, are proportional to the
molecular diffusion of a water isotopologue. As the diffusivity of 1H'H!O is higher (faster) than that for
the heavier isotopologues of water 'H'H'8O and 'H2H!¢O, transport (kinetic) isotope effects influence
the isotope composition of evaporate (diffusivity ratios for D(IH'H!3O)/D("H!'H!¢O) and
D(H!'H!'$O)/D(H!H!O) are 0.9723 and 0.9755. This work is reviewed in several publications. J.R. Gat
has provided both a thorough review of the model (Gat 1996) and a review of the history of the
development of the model (Gat 2008). Both are excellent publications, and use updated notation from
the original 1965 publication (Craig and Gordon 1965). Another comprehensive review of the Craig and
Gordon (1965) model, in addition to other discussion of stable isotopes in surface waters is available free
of chatrge on the International Atomic Energy Agency's website (International Atomic Energy Agency



2011;
http://www-naweb.iaea.org/napc/ih/THS_resources_publication_hydroCycle_en.html).

The work by Craig and Gordon (1965) provided a basis for calculating the isotope composition of
evaporating moisture. Friedman et al. (1964) was the first study to apply stable isotopes to a lake water
balance; however, this work did not take atmospheric exchange into account. The first consideration of
isotope effects imparted during atmosphere-lake interaction was by Gat (1970). However, a major
obstruction impeded the wider use of the Craig and Gordon (1965) model: uncertainties in the kinetic
and equilibrium fractionation factors for ¥0 /160 and 2H/!H under different climatic conditions
(humidity, wind speed, temperature). By 1971, the fractionation factors for equilibrium conditions were
reported (Bottinga and Craig 1969; Majoube 1971) and kinetic fractionation factors were developed
experimentally by 1976 (Vogt 1976). With these values now available, lake evaporation studies applying
the Craig and Gordon (1965) evaporate model could be formulated.

By this point, the governing processes for precipitation were also beginning to be described. This is an
important conceptual step for lake evaporation studies, since the isotope composition of precipitation is a
calculation input useful for estimating the isotope composition of the atmosphere (input into the
calculation of 8g). Of further importance to lake evaporation, an estimate of the isotope composition of
hydrologic inputs to a lake is required for evaporation estimates. Precipitation is a direct lake input and
often controls the isotopic composition of overland runoff and groundwater inputs to a lake as well.
Dansgaard (1964) developed a conceptual model that described four processes governing the isotopic
composition of precipitation. The first two are essentially temperature-dependent effects: altitude and
latitude. At higher altitudes and latitudes, temperature generally decreases. At lower temperatures, the
equilibrium isotope effects during evaporation and condensation are greater, producing larger isotopic
separations to 3180 and 62H values between water-ice and vapour during phase transitions. This
produces lower values for 8180 and 32H in precipitation at high latitudes and altitudes. The third concept
described a continental effect whereby regions distant from the coast receive precipitation with lower
isotopic values for 8'80 and &2H. This effect is better described as an air-mass trajectory effect where an
air mass contains relatively greater amounts of the lighter isotopes of oxygen and hydrogen as it proceeds
inland (180/160 of the ait mass decreases). This effect is produced as the air mass rains out, favouring
incorporation of the isotopically-heavy isotopologues of water ({H'H'8O, 'H2H!¢O) into the liquid phase,
preferentially retaining more of the isotopically-light water isotopologue ("H'H'"6O). This process
manufactures an isotopically lighter residual vapout. Subsequent precipitation events from the same air
mass will produce precipitation that is isotopically heavy compared to the air mass, but isotopically light
relative to the initial rainout event from the same air mass. This process continues to isotopically lighten
as the air mass moves inland and cools to temperatures below the dew point of the air mass (relative
humidity of 100%). This rainout effect is described quantitatively by a Rayleigh-distillation process
(Rayleigh 1896). A distillation process may also contribute to the latitude effects observed, since the
majority of Earth's atmospheric moisture otiginates in the tropics and rains out as convection drives the
air mass poleward.

The first calculation of evaporation from lakes using stable isotopes applying a modern approach (in
this case, as a proportion of outflow) was presented by Zuber (1983). This work re-examined previous
datasets (Dinger 1968; Fontes et al. 1979; Zimmerman 1979) applying experimentally derived equilibrium
and kinetic fractionation factors (Majoube 1971; Vogt 1976). However, the approach described by Zuber
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finds large discrepancies for the deuterium balance resulting from uncertainties in the kinetic
fractionation factor of deuterium-protium under evaporation. Further, the Zuber (1983) study applies
long-term average values for humidity and the isotope composition of precipitation as input values, now
proposed to be weighted to periods when evaporation occurs (Gibson 2002a). Zuber (1983) also studies
lakes that are large enough for steady state to be assumed (with the exception of Lake Waidsee). For
smaller lakes with large seasonal isotopic variability - or extremely large surface waters with residence
times in excess of 100 years that are in disequilibrium with current climate (Lake Baikal, Seal and Shanks
1998; Lake Superior, this thesis) - this is not an entirely valid assumption. A non-steady approach is
examined for lakes with considerable intra-annual variation in isotopic composition, such as small arctic
lakes that receive a significant quantity of snowmelt each spring (Gibson et al. 1996; 1998; Gibson 1996;
2002b). Further contributions by this group report evaporation estimates for both heavy isotope tracers
in the water molecule (80, 2H), and show agreement between the tracers as would be expected under
conservative behaviour (Gibson et al. 2002; Gibson and Edwards 2002). The values for evaporation as a
proportion of inflow (E/I) obtained for the two tracers generally agree within 10% (Gibson et al. 2002).

A discussion of isotope studies for large lakes and inland seas is presented below. A selection of
important contributions leading to the formulation of the modern approach to estimating evaporation

using stable isotopes in water is shown in Table 1-1).



Table 1-1. Selected advancements in contemporary lake water balance studies using stable isotope tracers

Citation

Contributions

Emiliani 1955;

Dansgaard et al. 1993;
Bond et al. 1993;
Edwards et al. 1996;
Hoffman et al. 1998;
Zachos et al. 2001;

Wolfe et al. 2005;
Clementz and Sewall 2011

Interest in paleo-climatology and paleo-oceanography continues to drive
contemporary isotope hydrology, since a comprehensive understanding of
the modern operation of hydrologic systems is required to interpret past
variations in isotopic signatures.

For example, roughly 50% of lakes >1000km? with isotope data compiled
in this study originate from paleolimnology studies rather than
contemporary hydrologic investigations.

Craig 1961a

Development of global meteoric water line
Recognizes lower slopes for evaporating surface waters

Dansgaard 1964

Describes factors governing isotope composition of precipitation: altitude,
distance from coast, latitude, "amount effect." d-excess parameter is
defined by fitting a slope of eight through values of 8'80 and $?H and
calculating the y-intercept: d-excess = 82H - §-5180

Friedman et al. 1964

First proposal of the use of stable isotopes to estimate evaporation.
Applies a deuterium balance to estimate evaporation (Lake Tahoe), but
does not account for molecular exchange with atmosphere.

Craig and Gordon 1965

Models isotope composition of evaporating water as a function of
humidity, temperature, isotope composition of surface water and ambient
moisture

Dinger 1968

Applies stable isotopes to calculate the water balance of lakes, assuming
isotopic and hydrologic steady state. 8g calculated from Lake Burdur -
which has a known water balance - then used to calculate water balance
for Lakes Egridir and Beysehir applying the Craig and Gordon (1965)
model to estimate the isotope composition of evaporated moisture

Applies stable isotopes of oxygen (8'30) to water balance of lake

Gat 1970 (Tiberias). Also, isotope values for an evaporation pan experiment are
attempted for use in calculating kinetic isotope effects during evaporation.
Bottinga and Craig 1969; Equilibrium fractionation factors for water-vapour are developed

Majoube 1971

experimentally

Sofar and Gat 1975;
Gat 1979; 1984

Shows that for high salinity waters an activity correction for 32H and 3180
values is required; Dead Sea waters used as an example

Vogt 1976

Experimental kinetic fractionation factors for water-vapour developed by

wind tunnel experiments
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Table 1-1 (continued).

Citation Contributions
Utilizes fractionation factors from Majoube (1971) and Vogt (19706) to
calculate 8g and estimate outflow as a proportion of evaporation (O/E)
Zuber 1983 for lakes: Chala (Tanzania); Titicaca (Bolivia; data from Fontes et al.

1979); Burdur, Beysehir and Egridir (Turkey; data from Dincer 1968);
Lake Waidsee (Germany; data from Zimmerman 1979)

Gonfiantini 1986

Describes a step-wise approach for water balance estimates of small lakes
using stable isotopes where each time step is sufficiently short for steady-
state to be assumed.

Edwards and Fritz 1986

Examine multiple tracers (80 and 2H) in modeling leaf water evaporative
enrichment.

Gat and Bowser 1991

Introduces necessary modifications to input isotope composition for
string of lake systems. For example, a headwater lake receives only runoff,
groundwater input, and direct precipitation; whereas a lake downstream of
another lake receives a connecting channel input that has already
undergone potentially significant evaporation and heavy isotope
enrichment.

Benson and White 1994

Assumption of equilibrium between turbulent-zone vapour (84) and
precipitation shown to be invalid for arid areas (example from Nevada).
This assumption produces 54 values that are too 130- and 2H-depleted
relative to actual measured (~2 to 4 per mille in 380 values).

Horita and Weslowski 1994

Updates Majoube 1971 equilibrium fractionation factors. The equations
presented here are those currently in use for water-vapour phase

transitions

Gibson 1996

Develops non-steady state equations for estimating lake evaporation as a
p y q g p
proportion of inflow (E/I) using a stable isotope mass balance.

Gibson and Edwards 2002

Use of interpolation to map regional variability in small lake evaporation
rates using a stable isotope mass balance and two isotopic tracers

Gibson 2002a

Highlights importance of weighting climate and isotope input parameters
to the calculation of 8g to time periods when evaporation is occurring. In
previous publications, long-term averages were used (Zimmerman 1979;
Zuber 1983)

Yi et al. 2008

Mass and isotope conservation applied for the first time to simultaneously
match E/T outputs for 2H and 8O tracers
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As this study concerns the very large Great Lakes of North America, it is important that existing
studies for large surface waters utilizing isotopes are discussed. Isotope investigations for lakes on the
order of 103 - 10* km? in area are reviewed here. The lakes reviewed here include Lake Tanganyika (Craig
1975), Lake Malawi (Gonfiantini 1979), Lake Chad (Fontes et al. 1970), Lake Turkana (Ricketts and
Johnson 1996), Lake Titicaca (Fontes et al. 1979; Zuber 1983), Lake Baikal (Seal and Shanks 1998), and
saline bodies such as the Mediterranean Sea (Gat et al. 1996), Red Sea (Craig 1966) and the Caspian Sea
(Froehlich 2000). Finally, previous works for the North American Great Lakes region will be reviewed
(Gat et al. 1994; Machavaram and Krishnamurthy 1995; Yang et al. 1996; Karim et al. 2008).

Lake Tanganyika (32,900 km?), one of the Great African lakes, was sampled for stable isotope ratios of
oxygen and hydrogen in its waters (Craig 1975). Craig reported that the lake was "isotopically upside
down," referring to the higher 62H and 8'80 values below the mixed layer (~100m). The difference in
3180 values between the surface and hypolimnion is roughly 0.4%o (+3.6 at depth, +3.2 at the surface).
Craig noted that the concentration gradient of 180 between Lake Tanganyika and its largest input - the
Ruzizi River - was the greatest concentration gradient of any of the measured conservative analytes. The
large isotopic offset highlichted the potential use of isotope ratios of oxygen and hydrogen as tracers of
water parcels during transport and mixing. Relative to the epilimnion, deep waters have lower
temperatures, more apparent kinetic fractionation effects in 8'%0-82H space, and higher chloride
concentrations. This is interpreted as the signal of colder and drier conditions that prevailed within the
flushing time of Lake Tanganyika (volume divided by liquid inputs, ~2000 years; Craig 1975). Finally, an
important statement was made for Lake Tanganyika that has implications for the treatment of data for
other large pootly mixed lakes. Craig stated that: "In many ways Lake Tanganyika resembles the oceans,
especially in the long "residence time" of deep water relative to replacement by mixing with surface
water.” The "residence time" referred to here should be referred to as a lake's flushing time, which is
distinct from residence time as it only examines liquid fluxes (evaporation flux is not considered). This is
an important distinction since the residence time of Lake Tanganyika is closer to 400 years (Bootsma and
Hecky 1993).

Isotopic datasets for a third Great African Lake, Malawi (28,800 km?) were presented by Gonfiantini et
al. (1979). Tanganyika and Malawi are geographically and geologically similar lakes. Both are meromictic
(perennially stratified) and both were formed by tectonic processes within the east African Rift Valley.
The lakes lie within a complex of normal faults producing half-grabens that have filled with water. The
heavy isotope enrichment observed at depth for Malawi is not as apparent as in Lake Tanganyika. This is
attributed to a greater degree of mixing between the epilimnion and hypolimnion in Malawi, supported by
the presence of radioactive hydrogen (°H; half life 12.3 years) in the hypolimnion of Lake Malawi (at
depths exceeding 600m; Gonfiantini et al. 1979). Using a box model representing the geometry of Lake
Malawi as an upside-down triangle, the mixing rate between the epilimnion, metalimnion and
hypolimnion was calculated. Gonfiantini et al. (1979) calculated that twenty-five percent of the
metalimnion and twenty percent of the hypolimnion mixes into the epilimnion annually.

Isotope data for Lake Chad (20,000 km?) were examined by Fontes et al. (1970). Lake Chad is a closed
basin (no surface water outflow) unlike lakes Malawi and Tanganyika that lose six and 17 percent,
respectively of total water through surface outflows (Gonfiantini et al. 1979). Lake Chad is separated by
sand bars; the degree of horizontal mixing between the basins was unknown. Results showed an immense
scatter ranging in 8'80 values from ~0%o to 15%o. 3180 was positively correlated with electrical
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conductivity in the water in all cases. However, this trend followed distinct trajectories for each of the
northern and southern basins, leading the authors to conclude mixing between the basins is negligible
(Gonfiantini 1980).

The study of Lake Turkana (6500 km?) - one of the smaller lakes in the African Rift valley - by Ricketts
and Johnson (1996) took advantage of the known water balance of this closed lake to estimate the
amount of advected moisture entering the basin following the method of Benson and White (1994). This
method applies a two point mixing for moisture sources between (1) calculated lake-derived evaporate
and (2) advected moisture measured from outside the basin. For Lake Turkana, the fraction of water
vapour entering the basin was calculated to be roughly 40% applying a stable isotope mass balance to
atmospheric moisture. This study is particularly interesting, as it highlighted a driving force of isotope
hydrology. The study examined the contemporary isotopes in the lake to better understand observed
fluctuations in the 8180 of authigenic calcite (CaCOs3) obtained from a lake sediment core. As in multiple
cases, use of stable isotopes in paleolimnology and paleoclimatology required an understanding of
contemporary processes. The study of Ricketts and Johnson (1996) yields important contemporary
isotope hydrology information largely as a by-product of an interest in the paleolimnology of a lake.

Missing from this discussion is the largest of the east African rift lakes, Lake Victoria (69,000 km?). The
contemporary 3'80 value for Lake Victoria water is reported as +3.5%o from a paleolimnology study
(Beuning et al. 2002); no thorough evaluation of the distribution of 8'80 or 82H is readily available in
published literature for this lake. Isotope values for several smaller African lakes were reported by Cerling
et al. (1988).

Isotope data for Lake Titicaca waters were first presented in Fontes et al. (1979) and its water balance
was evaluated by applying stable isotopes in Zuber (1983). Only two percent of water loss was estimated
to occur as surface outflow, making Titicaca's basin nearly endorheic (internally drained). Assuming 8180
of precipitation was represented by local groundwater samples (Fontes et al. 1979), Zuber calculated
outflow as a propottion of evaporation (O/E) to be two petcent (E/I = 1/[(O/E)+1] = 98 petcent), but
only used the 180 tracer and neglected to discuss deuterium. Further, Zuber (1983) described a sensitivity
analysis whereby a small shift (1 per mille) in 8180 values can lead to an O/E value of either 10 petcent
(E/I =91 percent) ot a negative value for evaporation losses.

The volume of Lake Baikal is roughly 20 percent of all lake water on Earth (Figure 1-13). The oxygen
and stable isotope composition of the waters of Lake Baikal are roughly 20 per mille less than those in
the Great African Lakes, highlighting rainout and latitude effects on the precipitation at Lake Baikal's
inland and northern setting. Data for Lake Baikal were reported by Seal and Shanks (1998). An E/I
calculation for Baikal was not completed by the authors, likely due to complications from the large
residence time of the lake (330 years; Falkner et al. 1991) and isotopic disequilibrium with the current
climate. The authors estimated climate and isotopic input stability must have persisted for roughly one
millennium before an isotopic steady state assumption could be made. Natural climate fluctuations often
occur on time scales much less than 1000 years, such as the Little Ice Age (-1°C temperatute anomaly:
~16t to ~19t centuries) and the Medieval Warm Period (+1°C anomaly ~10t to the ~13t centuries:
anomaly relative to temperature proxies for the ~1st to ~9% centuries). However, for Lake Baikal, the
most important fluctuations to the isotope composition are changes in precipitation distribution within
the basin and subsequent changes to the importance of major inflows to the lake's isotope composition.
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Stable isotope ratios of oxygen (n = 147) and hydrogen (n = 149) in the eastern Mediterranean Sea
(2,500,000 km?) waters were reported by Gat et al. (1996). The trajectory observed in 8'80O-82H space for
waters is unlike that of other evaporating systems that commonly plot along a slope of ~4-5. The
Mediterranean Sea waters demonstrate evaporative enrichment in 8O, but this is not matched by a
corresponding enrichment of deuterium (i.e. §2H-5180 slope approaching zero). This is unprecedented;
for most other evaporating systems, the two elements enrich in their respective heavy isotope species in
similar fashion. Even in the case of other enclosed seas, such as the Red Sea, 82H-8'80 cross plots reveal
a seawater trajectory with a slope of six (Craig 1966). An explanation for this was proposed by Gat et al.
(1996). To explain the deficiency of an increase in 82H as 880, the authors proposed that a combination
of deviations to local meteoric water lines over the Mediterranean and surface water evaporation
explained the 32H-3180 trajectory. The authors proposed that the 82H-3'80 trajectory of the
Mediterranean Sea is controlled by a dominant wintertime evaporation as a result of depleted and dry
continental air mass advection over the Sea surface. Also, when discussing the input parameterization for
humidity and the isotope composition of the overlying atmosphere, the authors stressed the importance
of evaporated moisture build-up down-fetch. The authors advocated a two part mixing model to
formulate "downwind" conditions, assuming any relative humidity build-up was the result of added
evaporate. This is not strictly correct since saturation vapour pressure is a function of temperature and air
mass warming/cooling - depending on season - occurs over the Sea due to thermal conduction and latent
heat effects of the Mediterranean Sea on the overlying atmosphere. Nevertheless, the discussion of
isotope modifications of a water body on the overlying atmosphere is an important consideration and is
one that is rarely considered in stable isotope mass balance evaporation calculations.

Isotopes of oxygen and hydrogen in the waters of the Red Sea (Persian Gulf) and Salton Sea
(California, south-western North American continent) were presented by Harmon Craig (1966). The
papet's focus is more on the origin of the water in brines found in the region that, in the case of one
brine, were determined to be meteoric in origin (Salton Sea, California) and oceanic for another (Red
Sea). Meteoric brine is determined from an '8O-enriched trajectory at a constant 32H value. This is the
result of incorporation of 8O-enriched oxygen sources such as carbonates and silicates. However, since
most rocks contain negligible amounts of available hydrogen in comparison to leachable oxygen,
deuterium content does not vary, producing a slope of zero in 3180-32H space. Isotope composition for
the brine of oceanic source (Red Sea brine) is intermediate to waters from the northern Red Sea and the
Gulf of Aden, located between the Red Sea and the Indian Ocean. Craig concluded that the brine
originated from mixing waters of the Red Sea and the Gulf of Aden, recharging at a sill between the two

water bodies.

Further discussion of large saline water bodies focuses attention on the largest inland water body on
Earth - the Caspian Sea (400,000 km?) - which contains nearly as much water as the combination of all
surface fresh waters on Earth (78k km? in Caspian Sea, ~110k km? of surface fresh water on Earth). 3180
values for the Caspian are lowest at the surface and increase with depth (down to depths >1000m).
Surface waters plot near -1.9 per mille, increasing to -1.4 per mille at 700m depth (Froehlich 2000). This
study of the Caspian Sea promoted the use of an evaporating pan as a means of calculating the isotope
composition of the ambient atmosphere. Humidity build-up over the Caspian is significant, with relative
humidity of advecting air masses increasing from <50% to ~75% from near land to the centre of the sea.
The range in ambient moisture conditions advocates the use of a model that simultaneously accounts for
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isotopic, humidity and temperature modifications to atmospheric moisture by the evaporating Sea.
Finally, it should be mentioned that the authors in the study advocated the use of isotopic measurements
of evaporation pans (over lake) to help constrain atmospheric parameters such as humidity and
temperature, but also the isotope composition of atmospheric moisture. Unfortunately, physical barriers
placed over drying evaporation pans to block input of precipitation likely modifies the natural
atmospheric conditions and may not represent over lake conditions. Furthermore, as the pan evaporates,
a build-up of evaporate in air ovetlying the pan significantly modifies the ait's isotope composition,
similar in some ways to effects over large water bodies. The study proposed drying a sample of lake water
in an evaporation pan and applying the 82H-8'80 enrichment trajectory of the residual pan water over a
short time period to simulate the atmospheric conditions and isotope effects during evaporation.
However, this may not be a helpful approach. The use of a pan for a short duration only provides a small
snapshot of the isotope effects over the duration the pan evaporates. This does not capture the
conditions of the atmosphere for systems that have residence times greater than the period that the pan is
evaporating (Caspian Sea residence time is >200 years). The short time span of an evaporating pan
becomes a severe drawback for seasonally evaporating lakes where flux-weighting of atmospheric
parameters to periods when evaporation is greatest is a requirement.

For the North American Great Lakes, several studies have examined isotope ratios in regional
precipitation (Gat et al. 1994; Machavaram and Krishnamurthy 1995) and Great Lake waters (Yang et al.
1996; Karim et al. 2008). The precipitation studies utilize the systematic offset of evaporating waters from
the global meteoric water line (Craig 1961) produced by disequilibrium (kinetic) isotope effects to assess
the contribution of evaporate to the downwind atmosphere (Gat et al. 1994; Machavaram and
Krishnamurthy 1995). The contribution of Great Lakes evaporate has been assessed semi-quantitatively
(Gat et al. 1994; Machavaram and Krishnamurthy 1995) capitalizing on the increase in the deuterium
excess parameter as evaporated waters are incorporated into the atmosphere. Gat et al. (1994) estimated
that roughly 8% of leeward atmospheric moisture is derived from Great Lakes evaporate. For each of the
previously discussed water bodies, values presented in each paper are extracted and compiled in a new
database of isotope values for large lakes and inland seas (Table 1-2). Results are presented in a 82H-8180
cross plot (Figures 1-2a) and by geographic distribution (Figure 1-3; 1-4). For water samples from the
largest African Lakes (Malawi, Tanganyika, Victoria), 3180 values are generally greater than zero per mille
relative to standard mean ocean water (SMOW), contrasting Lake Baikal's mean value near -16 per mille
(Figure 1-6). The most 180O-poor natural lake in the world is Lake Vostok, a subglacial lake located
beneath roughly four kilometres of the eastern Antarctic ice sheet (-58 per mille, SMOW); although this
"lake" is not exposed to the atmosphere. It should also be noted that the greatest range in 8180 and 62H
occurs for the lakes with short residence times (Lake Chad) or fluctuating storage volumes (Aral Sea,
Great Salt Lake; Figure 1-2a) whereas lakes that have a large groundwater input component, or are well
mixed and have long residence times, show less variance in their stable isotopes of oxygen and hydrogen
(Lake Superior and Lake Baikal). The same argument might be used to describe Lake Tanganyika;
however, the waters at depth are relict because the lake is meromictic.

Yang et al. (1996) produced an estimate for evaporative losses as a proportion of inflow (E/I) of seven
percent applying a stable isotope method. The authors proposed that seven percent corresponds to a
value of 10.5 km? per year for the entire Great Lakes basin. Multiplying their value for E/I of seven
petcent by the mean annual precipitation for the Great Lakes basin of 850mm (650 km?/yr), a value of 45
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km?3/yr is obtained, roughly four times the value reported by Yang et al. (1996). Therefore, Yang et al.’s
(1996) evaporation flux of 10.5km?3/yr is a miscalculation. This value is an order of magnitude lower than
a value obtained from mass balance estimates (159171 km3/yr evaporating from Great Lakes; Neff and
Nicholas 2005). The authors quote Gonfiantini (19806) as the source of the equations applied. However, a
recalculation of E/I using the exact inputs outlined in Yang et al. (1996) using the equations quoted from
Gonfiantini (1986) produces an E/I value of 22% (146 km3/yr), which is a similar value to that obtained
through physical hydrology approaches (24%111%; Neff and Nicholas 2005). One the authors from
Yang et al. (1996) attempted to quantify evaporation losses applying a stable isotope mass balance for the
Great Lakes basin again in 2008 (Karim et al. 2008). This time, the authors obtained values more
consistent with lower-end estimates of physical hydrology models for the Great Lakes (Neff and
Nicholas 2005). Katim et al. (2008) report an E/P value of 14% and effectively changing the estimate in
Yang et al. (1996) of 10km3/y to 96km3/y. The approach of Karim et al. (2008) does not account for
internal recycling of moisture, does not weight parameters seasonally as shown to be necessary in Gibson
(2002a), does not make use of measurements of 82H, and effectively ignores that the E/I output for
deuterium following their approach does not match that obtained from an 8O mass balance.
Furthermore, despite collecting samples distributed amongst four of the five Great Lakes, the authors
opted to not use this extensive set of cruise sample results and resorted to using the flux weighted output
for the entire basin instead of evaluating each lake individually. The authors used their evaporation result
to calculate total transpiration on the basis of a mass balance and apply estimates of total basin
interception. The authors coupled the transpiration value to water use efficiency ratios from area
weighted vegetation indices, and calculated the total CO; storage annually. Applying their values, the
authors postulated that uptake within the Great Lakes basin could account for the suggested missing
North American carbon sink. These final steps are an innovative use of stable isotope mass balance
results; however, the authors' E/I calculation requites additional considerations (as discussed above).

For interest, the dataset compiled in this literature review of large lakes encompasses more than 75%
of the estimated 110 thousand cubic kilometres of lake water on Earth. Averaging each of the 380
values of the compiled lakes, and volume-weighting the averaged 8'80 values, I calculate a volume-
weighted 8'80 value of roughly -6 per mille for the ~20 most voluminous lakes on earth. If the remaining
lake water on Farth 25k km3 of lake waters on Earth that have not been measured are assumed to have
an average 8180 of -5 to -20 per mille the volume-weighted 880 value of Earth's surface fresh water
reservoir can be constrained to be -7.621.7 per mille (Figure 1-6). Lake Vostok is not included in this
calculation as it is not exposed at the surface. If the Caspian Sea (saline water) is included in this
calculation the volume weighted 8180 of surface waters is modified to -5.6%1.5 per mille; this point is
shown in Figure 1-2b. The volume weighted isotope composition of Earth's lakes is 8O-depleted relative
to the oceans, showcasing processes that act to deplete oceanic-evaporate prior its redeposition on the
land surface (and integration into lakes). Further, the offset from the meteoric water line of the volume-
weighted isotope composition of lake waters shows that evaporation plays an important role in governing
this reservoir (Figure 1-2b).

Hydrologic balance calculations have been completed for roughly half of the world's ~100 largest
lakes. For water balances derived from stable isotopes of oxygen and hydrogen in lake waters, this figure
is much less. Closer to 15 petcent of the world's largest lakes have reported values for 80 /16O and
2H/'H, and less than 5 percent of these use isotopic techniques to quantitatively evaluate the lake water
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balance. There is an abundance of data available for isotope ratios of precipitation from worldwide
monitoring stations; values for isotopes in precipitation are available from stepwise regression models for
areas without monitoring stations (Bowen and Revenaugh 2003; grids made available for download by
Bowen 2009). For small lake systems, it has been shown that a simple set of analyses of 30 mL grab
samples of lake water can successfully map variability in E/I ratios (Gibson and Edwatds 2002). Perhaps
a new approach using large lakes with well established water balances can be applied to estimate the
evaporation as a proportion of inflow for the world's largest lakes, many of which are surprisingly poorly
known (for example, Lake Tanganyika's water balance is pootly quantified). Additionally, changes to the
isotope composition of atmospheric moisture may be a useful tracer of an expectedly faster global water
cycle under a warmed global climate as has been shown to be the case during the Eocene (60Ma to 34Ma,
global temperatures up to 12 degrees warmer than present during Eocene climatic optimum; Clementz
and Sewall 2011). Moisture sources to the atmospheric reservoir - which has a short residence time of
~10 days and a total volume of ~10* km3 of water - ate either inland or oceanic. The isotope
composition of the oceans is well established and readily available (Schmidt et al. 1999), but that of inland
sources is not. This new lakes database could help to evaluate the global contribution of evaporation
from large inland surface waters to the overlying atmospheric water budget. The compiled dataset
contains lake name, lake basin endorheic/exhorheic status, lake area, catchment area, lake age, lake
volume, lake residence time, sample location, sample depth, sample date, original reference, 3180, 82H,
temperature, salinity, physical water budget data and water balance uncertainties.
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1.2 The North American Laurentian Great Lakes

The Great Lakes hydrologic basin is 750,000 km? in area, roughly three percent of the North American
land mass. Despite its relatively small landmass on a continental scale, the basin supports a population
density roughly twice that of the North American average and a world class economy. For example, if the
two Canadian provinces of Quebec and Ontario and the eight United States surrounding the Great Lakes
were considered as one nation, their gross domestic product per capita would be within the top ten
nations in the world (45k USD per citizen; World Business Chicago 2011), surpassed only by China,
Japan and the entire United States. The large population surrounding the Great Lakes and its burgeoning
economy supports functions such as trade, transportation, tourism, finance, education, and scientific and
technical innovation. The North American Great Lakes form the foundation of the basic needs for many
of these sectors. For example, each year over 200 million tonnes of grain, base metals and ore,
hydrocarbons, and other agricultural products are shipped annually along the St. Lawrence Seaway and
within the Great Lakes. Ships frequently operate with minimal under-keel clearance to the sediment water
interface; maximum loads are restricted, particularly when lake levels are lowered. Evaporation plays an
important role on the water level of the Great Lakes, however, evaporation-magnitude are large.
Therefore, an improved calculation of the evaporation flux from each Great Lake within each lake's
residence time is needed, particularly if changes in evaporation rates are to be evaluated under a changing
climate.

1.2.1 Geology, Natural Ecosystems and Human Geography

The Laurentian Great Lakes and surrounding hydrologic basin support a dense population in a variety of
ecoregions that cover Quaternary drift and much older bedrock. This section focuses on the geography
of the region and begins by introducing the earth materials and the formation of the Great Lakes
(1.3.1.1.). Next, the importance of the Great Lakes basin to the Canadian and United States economies is

discussed in relation to industry, agriculture, water resources and the surrounding ecozones of the Great
Lakes basin (1.3.1.2.).

1.2.1.1 Geology and ecosystems of the Great Lakes

The Great Lakes basin is a geologically young area; however, the oldest bedrock within the basin first
crystallized when the Earth was relatively young. The "young" landscape is the product of the most
recent glaciation known as the Wisconsinan. Most studies generally refer to a glaciation reaching
maximum extent roughly 30ka and culminating roughly 10ka (other names used include Weichsel -
British Isles, Weichsel-Devensian - Europe, and Fraser - Pacific Cordillera). The Wisconsinan ice sheets
covered the current location of the Great Lakes. The most recent glaciation’s ice did not extend as far as
the two preceding glaciations: the Illinoisan and Kansan (Pre-Illinoian A, Anglian or Elster). The
development of the Great Lakes is complex. Its history is made up a seties of glacial retreats and
advances that formed extensive proglacial lakes and produced a dissimilar drainage pattern to present
conditions. The late-Pleistocene regional hydrology of the present Great Lakes region is summarized

next.
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Prior to the Wisconsinan glaciation, the Great Lakes had already developed the modern discharge
course to the Atlantic with one major difference- the present day Lake Huron did not drain southward
into Lake Erie via the St. Claire River as it does today. Instead, waters drained into present day Georgian
Bay and continued to flow into present day Lake Ontatio, effectively excluding Paleo-Lake Erie (Farrand
1988). Paleo-Lake Erie flowed into Lake Ontario independently, much as it does today. Here, the inflow
from the upper lake waters and those of Lake Erie assembled in Paleo-Lake Ontario before flowing
castward.

During the Wisconsinan, the vast majority of the Great Lakes catchment area was covered by the
Lautentide ice-sheet. This ice sheet's margins were located in the southern Great Lakes basin and the ice
was divided into a series of lobes that covered and carved the present day locations of the Great Lakes.
The ice sheet extended sufficiently far south to empty its melt waters into the Mississippi system, which
drains south to the Gulf of Mexico. It was not until the most recent (Wisconsinan) ice sheet retreat began
that the present-day Great Lakes began to take shape (~14.5ka). Roughly 14ka, proglacial lakes Chicago
and Maumee covered present day locations of eastern Lake Michigan and Lake Erie respectively. Both
proglacial lakes were bounded by the southern extent of the Laurentide ice sheet and both lakes drained
southward into the Mississippi system. A series of glacial retreats and advances occurred between 14ka
and 13ka. By 13ka, the lake overlying present day Lake Erie drained westward between present day Lakes
Huron and Michigan, discharging into Lake Chicago (located in the southern half of present day Lake
Michigan). Lake Chicago drained south to the Gulf of Mexico.

A series of advances and retreats between 13ka and 11ka occurred; the history of these events is
recorded by glacial moraines throughout the Great Lakes basin. By 11ka, the Laurentide ice sheet was
removed from present-day locations of Lake Erie and Lake Ontario and the eatly forms of these two
lakes had taken shape. However, the remaining three Great Lakes (Superior, Huron and Michigan) were
an amalgamated body known as glacial Lake Algonquin, a proglacial lake. Glacial Lake Algonquin drained
southward 11ka. By 9.5ka, the ice sheet had uncovered the majority of the areas covered by the present
day Great Lakes. However, the ice sheet's retreat also opened a new outlet for glacial Lake Algonquin to
directly discharge to the Atlantic. Two chain lake systems were established at this stage. One where Lake
Erie feeds Lake Ontatio before draining into the Atlantic. Another, where paleo-Lake Michigan (Lake
Chippewa) and paleo-Lake Superior (Lake Minong) drained into paleo-Lake Huron (Lake Stanley) before
discharging directly into the Atlantic along a channel north of present day Lake Ontario.

The Laurentide ice sheet continued its retreat between 9.5ka and ~5ka. Isostatic depression induced by
the weight of the overlying ice sheet on the bedrock below depressed the land surface hundreds of
metres below today's elevations in the present day northern extent of the Great Lakes basin. As isostatic
rebound continued, the drainage along the northern corridor for the upper paleo-Great Lakes slowed,
and eventually diverted to the pattern of present day by ~4ka (Farrand 1988). Even today, the northern
portion of the Great Lakes basin continues to uplift a metre every 200 to 1000 years (greater rebound rate
in the north basin).

The principle geologic role of the Pleistocene ice-sheets was the erosion of Earth's landscape. Erosion
of millions of years of strata in the Great Lakes region has drastically diminished geologists' ability to
speculate on the region's conditions for cettain periods. The Pleistocene glaciations have provided a
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benefit for today's geologists. Much of the Canadian landscape is made up of immensely old geologic
strata that are now either exposed or covered by a relatively thin veneer of overburden.

The bedrock exposed by ice within the Great Lakes basin today varies over immense geologic time
scales. The exposed rock also varies greatly amongst the three broad forms of bedrock: igneous,
metamorphic, and sedimentary. Broadly, endogenous rocks of Precambrian age (550Ma to ~3.5Ba)
undetlie the northern ~25% of the Great Lakes basin, whereas younger Mesozoic-aged clastic and
chemical sedimentary strata underlie the southern portion (Figure 1-7; 1-8).
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Figure 1-7. Broad geological features for the North American continent. Geographic dataset made
available by OneGeology 2011. The Great Lakes basin is delineated with a thick black line. Sedimentary
rocks are represented by a light stipple. Endogenous rocks are represented by dark grey with triangles
(metamorphic, or crystalline igheous) or by light grey (extrusive).

Slightly more specifically, chemical-type sedimentary rocks make up the bedrock of much of the Great
Lakes basin (brick pattern; Figure 1-8). The Michigan basin is perhaps the most recognized set of
sedimentary rocks in the Great Lakes basin (Figure 1-8). These rocks are dolostones (CaMgCO3),
limestones (CaCOj3), or evaporite group minerals such as halite, sylvite, carnallite, and gypsum group
(anhydrite, gypsum). The Devonian- and Silurian-aged evaporites are of particular interest as some are
commercial grade despite being a considerable depth below the surface (>300m for some operating mine
sites). Certain shales within the Michigan basin contain commercial hydrocarbon reservoirs.

Igneous and metamorphic rocks make up much of the basin north of the shorelines of the Great Lakes
and almost the entire Lake Superior basin. In a very broad sense, the lithologies here are massive and
foliated granites and granodiorites, syenites, quartzites, migmatitic gneisses and various mafic to
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ultramafic lithologies (gabbros, diabase dykes, greenstones). The dominant igneous rock texture is
phaneritic; however, some aphanitic volcanic deposits are present. Some of these lithologies contain
concentrations of precious and base metals at extractable levels (Figure 1-9).
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Figure 1-8. Bedrock geology of the Great Lakes basin. Chemical sedimentary rocks (carbonates:
dolostone, limestone; lesser evaporites) are marked by a brick pattern. Crystalline gneiss and granites are
represented by triangles. Clastic sedimentary rocks are represented by stipple and shales interbedded with
carbonates are presented as a brick with additional dashes.

Over 75 mine sites are active within the basin, extracting resources ranging from base metals such as
iron, zinc, nickel and coppet, to precious metals such as gold, platinum and cobalt. One of the greatest
mineral resources in Canada is located in Sudbury, Ontario. Here, an immense bolide (250 km?) struck
the Earth in the Proterozoic (aged 1.8520.03Ba), excavating a massive pseudo-hemispherical crater
(second largest known bolide impact in post-Archean; review by Grieve et al. 1991). The Sudbury bolide
is similar in size to the Chicxulub asteroid (~170 km?; Earth Impact Database 2011) that impacted the
Earth at the present day northern coastline of the Yucatan Peninsula (now directly attributed to one of
Earth's five mass extinction events that occutred at the Cretaceous-Paleogene boundaty by a cohort of
scientists: Schultz et al. 2010; although, a volcanogenic role of large igneous province eruptions ~65Ma -
the Deccan basalts - is not extinguished by this work). The Sudbury impact could well have influenced
Proterozoic single-celled life on Earth. Following impact, magmatic differentiation during a slow cooling
process created a spectacular mineral resource concentrated in sublayers beneath the city of Sudbury,
Ontario (Figure 1-9). Sudbury sublayers are mined today as a world class precious metal (gold, platinum)
and base metal (nickel, copper) resource.

Other mineral resources in the Great Lakes region include iron ore deposits of the Lake Superior

basin. These were, historically extracted in great quantities so the highest grade deposits were diminished
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by the middle of the 1900s. Evaporite mineral (halite, gypsum group) extraction is ongoing in the
southern portion of the Great Lakes basin in the Detroit-Windsor area midway between Lake Huron and
Lake Erie (Figure 1-9). Immense shallow seas covered the present day southern Great Lakes basin during
the Silurian-Devonian periods. In fact, the majority of interior North American continent was - at some
point - covered by oceanic waters between the Ordovician and the Paleogene. Salt deposits found today
in the southern Great Lakes basin could only have formed if these seas had desiccated in regions. At this
time the Great Lakes wete located in a much warmer "tropical” type climate. Under this paleo-climate the
biogenic carbonate platforms that underlie much of southern Ontario and the north-eastern United
States were formed. These geological features are consistent with a near-equatorial paleo-geographical
setting for Laurentia (North American lithosphere; Scotese and McKerrow 1990).
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Figure 1-9. Mines in the Great Lakes basin and surrounding region (USGS 2011). Black circles identify
sites extracting metals such as copper, magnesium, iron, nickel, zinc, and cobalt. White diamonds identify
precious metal mines (gold, titanium). White squares identify mines extracting carbonates (lime,
dolomite). Mines extracting salts are represented by white circles crosscut by a diagonal line (mostly halite
extraction operations, some gypsum mines and one site extracting sylvite). Other mines - grey triangles -
include extraction sites for bromine, talc, serpentinite and vermeculite. Meteorite impact crater sites are
presented as dark grey circles. Circle size is proportional to estimates of the diameter of the asteroid
(Earth Impact Database 2011). The Sudbury impact is the largest bolide impact shown (1.8520.03Ga).

1.2.1.2 Human Geography and natural ecosystems of the Great Lakes

The Great Lakes basin is home to nine million Canadians and 24 million Americans. The population
densities of Canada (3.4 persons/km?) and the United States (32 persons/km?) have comparably low
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values compared to the European continent (~70 persons/km?). However, within the Great Lakes basin
the population density approaches that of European nations (~40 persons/km?). The lower two Great
Lakes - Erie and Ontario - are the most densely populated basins on average (greater than 150
persons/km?; Table 1-3 and Figure 1-10). The greatest population densities within the Great Lakes basin
are along the southern Lake Michigan shores at the cities of Chicago and Milwaukee. Other densely
populated areas include southern Ontario and central Michigan between Lakes Huron and Erie (Windsor,
ON; Detroit, M1.) and along the north shore of Lake Ontario (Toronto, ON.; Figure 1-10).

Table 1-3. Population densities for 2010 within the Great Lakes basin (population density data from
Center for International Earth Science Information Network 2005). Values presented are approximate.

Region/Country Population density (person per km?)
Mean lo Max
Superior 5 30 1010
Huron 25 90 2360
Michigan 70 70 10750
Erie 170 400 3860
Ontario 175 615 7540
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Figure 1-10. Population distribution in the Great Lakes basin, estimated for 2010. Units for population
density are persons per square kilometre. Gridded data is from the Center for International Earth Science
Information Network (2005). The lower lakes and southern lake Michigan are the most populated in the

Great Lakes basin (outlined in black).
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A significant portion of the Canadian (30%) and United States (10%) population lives within the Great
Lakes basin (Environmental Protection Agency 2011). The success of the Canadian and United States
economies is highly dependent on the Great Lakes region. These waterways provide a shipping corridor
for roughly 200 million tonnes of raw and refined products such as limestone, sand, gravel, raw and
refined ores, hydrocarbons, salt and agricultural products annually. The Great Lakes also support a
lucrative recreational and commercial fishing industry for both the United States and Canada.
Furthermore, the waters of the Great Lakes supply drinking water for shoreline cities; inland settlements
commonly draw groundwater for municipal and agricultural use.

Natural ecosystems in the Great Lakes region fall broadly into one of two categories. In the northern
(Canadian) Lake Superior drainage basin, land cover is part of the boreal forest ecozone. This region is
characterized by poorly drained wetlands spotted with white spruce (Picea glanca), black spruce (Picea
mariand) and tamarack (Larix). The majority of the southern Lake Superior basin and the vast majority of
each of the southern Great Lake basins are categorized as a temperate broadleaf forest ecozone (Figure
1-11). Trees within this ecozone are generally dominated by deciduous species, especially in comparison
to the boreal ecozone to the north (Figure 1-11). Agricultural land now makes up a large areal extent of
today's Great Lakes basin. Figure 1-11 shows the natural ecozones; these may not exist today.
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Figure 1-11. Broad ecoregions in the Great Lakes basin. Temperate broadleaf and mixed forests
dominate the Great Lakes basin. Boreal forest is present throughout the northern portion of Lake
Superior's catchment; the boreal ecozone does not make up a significant area for any of the remaining
four Great Lakes. Temperate grasslands border the southwest of Lake Michigan's catchment, becoming
the dominant ecozone in the north-eastern extent of the Mississippi drainage basin.



1.2.2 Hydrology

The transport and distribution of water in the Great Lakes basin is discussed in this section. The section
is divided into four sections. First, a semi-quantitative overview of hydrologic reservoirs and transport
modes in the Great Lakes basin is presented (section 1.3.2.1). Next, physical data pertinent to hydrology
(1.3.2.2) such as reservoir volumes, topography/bathymetry and catchment areas is presented for each
Great Lake and catchment and for general physical characteristics of the entire Great Lakes basin. Next,
climate and limnology for the Great Lakes and region are discussed, highlighting spatial variability within
the basin (1.3.2.3.). To conclude, quantitative estimates for the water balance of the lakes from existing
studies are compiled and compared (section 1.4.2.3). Volumes are reported in km3 and areas in km2
Fluxes are reported in km3/yr, distances are reported in km, depths and elevations are reported in metres
or metres above sea level.

1.2.2.1 Hydrologic circulation in the Great Lakes

Two features of the Great Lakes water cycle are explored in this section. First, the input of water to the
Great Lakes basin in the form of precipitation is discussed. Secondly, the processes and fluxes that
operate on the waters as they advance toward the Gulf of St. Lawrence and the Atlantic Ocean are
reviewed.

The majority of precipitation in the Great Lakes region is derived from four moisture sources: (1) the
Arctic Ocean (2) the Gulf of Mexico, (3) the Pacific Ocean and (4) the Atlantic Ocean (Gat et al. 1994).
Moisture input from the Arctic is expected to be less than that of the three other moisture sources.
Waters evaporated from the Great Lakes themselves and recycled into precipitation in the Great Lakes
basin contribute an estimated five to 16 percent (Gat et al. 1994) or nine to 21 percent of precipitation
(Machavaram and Krishnamurthy 1995) for western Lake Michigan. These sources replenish the waters
of the basin in the form of snow and rainfall. Precipitation in the basin is divided between over lake
precipitation (direct precipitation) and precipitation falling on the surrounding over-land area within the
catchment boundary (catchment precipitation). Direct precipitation is incorporated into the lakes either
upon deposition (rain) or upon melting of seasonal ice on the lake surface. However, catchment
precipitation is subject to several processes prior to entering a Great Lake.

Catchment precipitation falling on a vegetated land surface must first pass through the terrestrial
biosphere prior to becoming surface water. Precipitation that passes through this layer is known as
throughfall, whereas precipitation that is retained on the surface of plants and wholly returned to the
atmosphere by evaporation is referred to as interception. An estimated 20 percent of incident
precipitation is intercepted and returned to the atmosphere for a southern Great Lakes forest (Carlyle-
Moses and Price 1999), although as mentioned eatlier, the area of Great Lakes forests has been reduced
for agriculture. Precipitation stored in a vegetative canopy becomes surface water either by falling to the
ground before it can evaporate (throughfall) or by transferring through the interior of the plant to the
forest floor (stemflow). A review of estimates of these fluxes relative to incident precipitation found
stemflow to range from five to >10 percent and throughfall to range from 70 to 90 percent for a
temperate forested catchment (Levia and Frost 2003).
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Once a surface water reservoir has developed in a forested catchment, water may (1) evaporate or
sublimate, (2) transpire, (3) runoff, or (4) infiltrate into the subsurface. Waters that evaporate recycle back
into the atmosphere and are redeposited as precipitation at a location controlled by atmospheric
advection, convection and climate. Vegetation uptakes water from the shallow subsurface and releases it
to the atmosphere from stomata in an exchange process for atmospheric COx uptake for
photosynthesis (at an averaged ratio of 1 mol of CO; acquired, to roughly 850 mol H»O released to the
atmosphere for the Great Lakes basin; Karim et al. 2008). Some surface waters are directly incorporated
as runoff in channels such as rills, streams and rivers. These surface waters flow down gradient according
to topography, eventually discharging into a Great Lake. During their transport, a portion of surface
waters infiltrate pore spaces in the subsurface. These reservoirs may be either subsaturated (vadose - near
ground surface) or saturated (phreatic - below vadose zone) with respect to a fluid. Migration of
subsurface waters is controlled by advection, dispersion, and chemical reactions. Subsurface waters may

recharge underlying aquifers or enter streams by interflow (vadose zone) or discharge at seeps (phreatic
zone). These fluxes are summarized schematically in Figure 1-12.
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Figure 1-12. Qualitative schematic of major natural hydrologic fluxes for a Great Lake basin; general
structure based upon figures in Gat and Airey (20006).

33



In summary, the two major intra-basin supplies of water to a Great Lake are inflows into the lake as
runoff and direct over lake precipitation. To provide a comprehensive examination of the water balance
to a Great Lake, the interaction of the Great Lakes with regional aquifers must be discussed.

The Great Lakes region has three types of general bedrock aquifers controlled by geology: (1)
Precambrian igneous rocks, (2) permeable carbonates and sandstones, and (3) impermeable rocks
dominated by shales. Quaternary overburden aquifers also host groundwaters in the basin. The Superior,
western Michigan, and northern Huron and Ontario drainage basins contain Archean to Proterozoic aged
granite and gneiss (Figure 1-8), which act as a moderate to poor aquifer (Grannemann et al. 2000). The
remaining aquifers in the Great Lakes basin are Phanerozoic-aged sedimentary deposits. Carbonate
aquifers are present on the western shores of Lake Michigan and the northern and eastern peripheries of
Lake Huron. The basins of Lakes Ontario and Erie are dominated by carbonate based aquifers often
mixed with clastic fragments. Low permeability shales and carbonate-shale combinations are present in
some areas in the Lake Erie and Ontario catchments.

With respect to the water budget of the Great Lakes, direct groundwater-lake interaction has been
neglected in most hydrologic water balance studies for the Great Lakes. Grannemann and Weaver (1998)
reviewed estimated direct groundwater discharge rates to the Great Lakes from a suite of prior studies.
Estimates of the groundwater discharge into Lake Michigan, which is expected to have the greatest
groundwater discharge rate of all Great Lakes, is only 2.4 km? per year (Grannemann et al. 2000). If the
highest estimated value for groundwater discharge to the each of the Great Lakes listed in Neff et al.
(2004) is used - 3.1, 5.8, 1.4 and 1.1 cubic kilometres for Lakes Superior, Michigan-Huron, Erie and
Ontario, respectively - groundwater discharge is less than 10 percent of over lake precipitation for all
lakes (9.4 7.4, 7.2, and 6.5 percent for Lakes Superior, Michigan-Huron, Erie and Ontario). As this value
is considerably less than the range of uncertainties for runoff, precipitation, and evaporation (10% to
45%; Neff et al. 2004), natural groundwater input is disregarded in hydrologic balance analyses for the
Great Lakes. However, groundwater withdrawals for human and industrial purposes add an additional
indirect input of groundwater to the Great Lakes as return flow. An estimated 2.1 km3 of water per year
is withdrawn from the entire Great Lakes basin (Solley et al. 1998). Roughly 95 percent of this extracted
water is returned to streams which enter the Great Lakes, while the remaining 5 percent is consumed by
evaporation and enters the atmospheric reservoir (Grannemann et al. 2000). Even with this
anthropogenic groundwater modification, the flux of groundwater to the Great Lakes is small compared
to estimates for runoff, direct precipitation, and connecting channel inflows.

1.2.2.2 The Great Lakes reservoir: Physical hydrologic data

This section is divided into three categories describing the Great Lakes system in the context of world
water. Lake volumes (1.3.2.2.1), lake and catchment areas (1.3.2.2.2) and topography and bathymetry
(1.3.2.2.3) are reviewed for the Great Lakes catchment.

1.2.2.2.1 Lake volumes

Globally, the amount of water contained in the Great Lakes represents 0.0015 percent of all water
contained within Earth's outermost layers. Over 94 percent of the 1.4 billion cubic kilometres of water on

Earth is held by the Pacific, Atlantic, Indian and Southern Oceans combined. Three percent is contained
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within the remaining saline water bodies including the Arctic Ocean (1.2%) and inland or partially
enclosed saline water bodies (1.8%) including (in decreasing volume) the Caribbean Sea (0.54%),
Mediterranean Sea (0.32%), South China Sea (0.29%), Bering Sea (0.27%), Gulf of Mexico (0.18%), Japan
Sea (0.10%), Okhotsk Sea (0.10%), Andaman Sea (0.05%), East China Sea (0.02%), Red Sea (0.02%),
Hudson Bay (0.01%) and the world's largest inland water body, the Caspian Sea (0.01%). Therefore, less
than three percent of water on earth is freshwater, classified as containing less than one-thousand mg L1
total dissolved solids. Of this remaining freshwater, over two-thirds is perennially frozen in glaciers and
ice caps, permafrost or multi-year snow and ice. Another 30 percent is contained within the pore spaces
of soils and rocks (vadose and phreatic zones) as soil moisture and groundwater or is chemically bound
to hydrated minerals. A relatively small amount of water is in circulation in the atmosphere. Of all
freshwater on Earth, only 0.3 percent is liquid and exposed on Earth's surface (Figure 1-13).

Of the wotld's fresh surface water, 20.6 petcent is contained within the five North American
Laurentian Great Lakes reservoir, amounting to roughly 22,700 cubic kilometres of water. When
combined, the Great Lakes rank as a world class fresh surface water resource, second only to Lake Baikal
(21.5%) and natrowly exceeding Lake Tanganyika containing 17.2% of the planet's surface fresh water.
These three lake systems represent over half (59%) of the unfrozen fresh water on Earth's surface (Figure
1-13).

Water in the five Great Lakes is unevenly distributed. Lake Superior contains more than all the other
four Great Lakes combined (~53% of total Great Lakes waters). It is ranked as the third largest
freshwater lake by volume, following lakes Baikal (23,000 km?3) and Tanganyika (17,800 km3; Herdendorf
1982). Lakes Michigan and Huron contain 21.7 and 15.6 percent of the water in the Great Lakes,
respectively. Lake Erie is the shallowest of all the Great Lakes and contains only 2.1 percent of the water
in the Great Lakes system. Despite covering an area smaller than that of Lake Erie, Lake Ontario
contains 7.2 percent of the water in the Great Lakes system because its mean depth (86.5m) is four times
greater than that of Lake Erie (18.8m).

It should be noted that water contained within Earth's deep interior below the crust has been
exempted from the preceding discussion of Earth's hydrologic resetvoirs. Estimates of water contained
within the lower mantle range from 50 percent (Bolfan-Casanova et al. 2002) up to 500 percent
(Murakami et al. 2002) of the oceanic H>O reservoir, a discrepancy controlled by the large range in
estimates for the solubility of water in the lower mantle (reviewed by Hirschmann 2006). Seismic data
suggest that the distribution of this water is heterogeneous, concentrated along active margins associated
with Earth's major tectonic plates such as eastern Asia and western North America where the Pacific
plate subducts (Lawrence and Wysession 2005). Earth's deep water cycle and reservoir is not well
understood and possible transport pathways such as subducting oceanic slabs into lower mantle
(Lawrence and Wyession 2005) are disputed (Green II et al. 2010). Current estimates suggest that the
volume of water in Earth's deep interior reservoirs is comparable in volume to the total water in the
uppermost crust and troposphere.
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1.2.2.2.2 Lake and catchment area

The five Great Lakes and their surrounding drainage basins cover an area of 768 thousand square
kilometres. When combined with the St. Lawrence drainage basin to the east, the system covers an area
over one million square kilometres. The five lakes themselves cover an area of 245 thousand square
kilometres, together forming the largest surface area of connected fresh water lakes on Earth.

Lake Superior is the largest lake in the world by area at 82 thousand square kilometres. The lake is
bounded by latitudes 46.4°N to 49.1°N; however, the catchment basin extends as far north as 50.7°N.
Lake Superior is the most northerly and farthest inland from the Atlantic Ocean of the lakes. The lake
surface represents 39 percent of the total catchment area with a drainage basin to lake ratio of 1.5. Lake
Superior's area makes up the largest percent of its own catchment of all of the lakes. The area draining
into Lake Superior is covered by a large amount of lake area. Excluding the five Great Lakes, Lake
Nipigon is the largest lake in the Great Lakes-St. Lawrence catchment, covering over 4,800 km?s, a
quarter of the area of Lake Ontario. The Superior catchment is enlarged by two artificial divergences
(Figure 1-14). Water that would otherwise flow into Hudson Bay from the headwaters of the Ogoki River
is diverted into Lake Nipigon and the Great Lakes catchment. The Ogoki diversion dam was completed
in the early 1940s and adds 14 thousand square kilometres of area to the Lake Superior catchment basin
(Neff and Nicholas 2004). The Long Lac divergence is located north of Lake Superior and diverts an
additional 4300 km? into the basin. The two divergences combined represent an added area of 14 percent
of the natural Lake Supetior on-land catchment. The added area is estimated to divert five cubic
kilometres of water into the Lake Superior basin each year (Neff and Nicholas 2004), water that would
otherwise enter the Hudson Bay catchment.
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Figure 1-14. Artificially diverted drainage area into the Lake Superior basin in the 1940s. The Ogoki
(northeast) and Long Lac (north) divergences combined cover over 18,000 km?equal to 14% of the
natural on-land Lake Superior catchment (light grey).
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The Hudson Bay drainage basin collects water north of Lake Superior and drains it to the north. A
major river system - the Nelson - borders the north-western Lake Superior catchment. At the western
extent of Lake Superior, a triple point occurs where the Atlantic (Great Lakes - St. Lawrence system;
drains eastward), Hudson Bay (Nelson River; drains northward) and Gulf of Mexico (Mississippi; drains
southward to the Gulf of Mexico) catchments meet. Figure 1-11 presents the major drainage patterns in
the Great Lakes region. All drainage north of Lake Huron enters the Hudson Bay system whereas
precipitation falling south of the Lake Michigan catchment enters the Mississippi river system flowing to
the south.

Great Lakes Michigan and Huron are considered in some hydrologic studies as a single lake (Lake
Michigan-Huron; Neff and Nicholas 2005) as the two lakes share a common water level. This is
reasonable for studies on the water levels of Lakes Michigan and Huron (Hanrahan et al. 2009; Hanrahan
et al. 2010). Lakes Michigan and Huron are - if treated as a single lake - the largest in the world by area.
The two lakes cover a combined area of 117 thousand square kilometres with a catchment area
representing half the Great Lakes basin. In this study, the two lakes are distinguished geographically and
isotopically.

Lake Michigan is slightly smaller than Huron with an open water area of 57,800 km?. The lake area
constitutes 32 percent of Lake Michigan's total catchment area corresponding to a land-to-lake catchment
ratio of 2.0. Lakes Superior and Michigan - both headwater lakes as neither has a major connecting
channel inflow - comprise the largest percentage of their own catchments. The downstream Great Lakes
become progressively smaller relative to their catchment areas (increasing catchment ratios progressing
downstream). Lake Winnebago — a large lake (~500 km?) in the western portion of the catchment —
drains into a partially enclosed bay (Green Bay) on Lake Michigan’s western shores. Lake Michigan has a
net outward flow (roughly 36 km3/yr; Chapra et al. 2009) into Lake Huron through the Straits of
Mackinac at the north end of the lake.

Lake Huron is the second largest by area of the five lakes both in terms of lake area and catchment
area. The lake covers 59,600 km? and the catchment is 192,900 km?. Thirty-one percent of the catchment
is covered by Lake Huron corresponding to a catchment ratio of 2.2. Georgian Bay - a large semi-
enclosed portion of Lake Huron (Figure 1-15) - represents roughly 15,000 km? of the lake. Lake Huron
drains into Lake St. Clair along the St. Clair River at the southernmost extent of Lake Huron. Lake
Huron receives water from Lake Superior and its outflow - the St. Mary's River - at its north end. Lake
Huron also receives water inputs from exchange with Lake Michigan to the east. Lake Huron's outlet is
located at the southern end of the lake and flows southward into Lake St. Clair by the St. Clair River.
Lake St. Clair empties quickly (residence time of roughly two weeks; Quinn 1992) before flowing into
Lake Erie via the Detroit River.
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Figure 1-15. Major drainage basins of the North American Laurentian Great Lakes and surrounding
region. The Nelson River drains to Hudson Bay; the Great Lakes - St. Lawrence basin drains to the
Atlantic Ocean. Catchment areas for each Great Lake are delineated with a thick black line. Catchments
for the Nelson, Hudson Bay, Gulf of Mexico, and Atlantic Ocean drainage are represented in greyscale.
White areas delineate the Great Lakes shoreline and major lakes in the region. Thin black lines delineate

rivers within each of the major catchments.

Lake Erie covers 25,700 km 2 and drains a total of 84,500 squate kilometres. Its catchment extends the
farthest south of all five lakes to a latitude of 40.4°N. Lake Erie, although the smallest of the Great Lakes
by volume, is larger than Lake Ontario by area. Its catchment is bounded to the north by the catchments
of Lake Michigan, Huron and Ontario. South of the Lake Erie basin, water enters the Ohio River basin (a
major tributary of the Mississippi River system) and drains south toward the Gulf of Mexico. Lake Erie
drains north into Lake Ontatio through two outlets at the east end of the lake: the Niagara River and the

artificial ship canal called the Welland Canal.

The last of the five Great Lakes - Lake Ontario - covers 18,960 km? and is the smallest of the
Lautrentian Great Lakes by area. Lake Ontatio's catchment covers 79,560 km?, leading to a calculated
land:lake drainage basin ratio of 3.2, the largest of the five lakes. Water enters the lake from the Niagara
River to the south-west and drains into the St. Lawrence River in the east. Water from the St. Lawrence
flows east - exiting the Great Lakes basin - and is joined by the Ottawa River before flowing into the
Gulf of St. Lawrence and entering the Atlantic Ocean. Table 1-4 summarizes the physiographic data for

each of the Great Lakes.
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1.2.2.2.3 Topography and bathymetry

The Great Lakes basin is a chain lake system and transport of surface water is governed by topography.
This section will discuss topography and bathymetry for each of the five Great Lake basins, highlighting
similarities and differences within the Great Lakes catchment. Elevation and bathymetric figures are
drawn from a geographical information systems analysis of the Great Lakes and catchment. Dataset used
includes a 30 arc-second (approximately 1km? grid) digital elevation model: GTOPO30 (Gesch et al.
1999). Bathymetry for the Great Lakes is compiled from a dataset made available by the Great Lakes
Information Network (GLIN 2010).

Lake Superior has the highest elevation of the Great Lakes. The long-term lake level is 183 metres
above sea level. The catchment elevation is an average of 378 m above sea level (Figure 1-17), reaching its
most elevated atreas - greater than 550m above sea level - in the western portion of the basin (Vermillion
Range). Lake Supetior is the deepest of the Great Lakes. Its maximum depth - 406m - occurs in the
eastern portion of the lake and is over 200m below sea level. The lake has an average depth of 147m. The
lake level drops from 183m to 176m above sea level along the St. Mary's River outflow into Lake Huron.

Lake Huron's catchment has a median value of 300m above sea level, over 100m lower than Lake
Superior's median value. The most elevated areas are greater than 500m above sea level and are present in
the northern and eastern extents of the catchment (Algoma Highlands and Algonquin Highlands) and
south of Georgian Bay. The eastern Lake Huron catchment seldom exceeds 400m above sea level, only
doing so in small areas of the Lower Michigan peninsula. The lake has a mean depth of 59.4m and
reaches its deepest point (281m below lake level) in the central part of the lake. Georgian Bay reaches
depths exceeding 100m between the south-eastern extent of Manitoulin Island - the world's largest island
in a freshwater body - and Bruce Peninsula. Saginaw Bay is located in Lake Huron's south-western limits.
Depths here rarely exceed 20m. Lake Huron shallows to the south approaching the St. Clair River outlet
and to the northwest near its boundary with Lake Michigan at the Straits of Mackinac.

The Lake Michigan catchment is at a lower average altitude than Lake Huron's. The average elevation
within the catchment is 284m above sea level. The most elevated areas are in the north-western portion
of the catchment (Menominee Range) at the drainage boundaries with Lake Superior and the Mississippi
system. The eastern portion of the catchment is generally less elevated. Only small areas in the central
and northern lower Michigan Peninsula rise above 400m.a.s.l.. The bathymetry of the lake extends from
the lake level at 176m above sea level to a maximum depth of 229m below the lake surface in the north-
central region of the lake. From here, the lake bathymetry gradually rises to shallower depths along a
southetly transect before dropping off to depths greater than 100m at the lake's southern end in a second
deep basin. Green Bay - a partially enclosed embayment on the western flank of the lake - is less than
50m deep and shallows approaching the south-western end. Green Bay is shallow relative to Lake
Michigan's main body, but is comparable to Lake St. Clair and western Lake Erie.
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Figure 1-16. Elevation and bathymetry in metres for the Laurentian Great Lakes catchment and
surroundings, referenced to sea level (m.a.s.l.). The long-term lake level for each Great Lake is displayed
beneath the lake label. Mean (and maximum) depths are displayed within each lake's catchment.

The St. Clair River exits Lake Huron at its southern end at an elevation of 176m above sea level and
flows south from Lake Huron. The tiver travels over 100km before entering Lake Erie's north-western
shores. It enters a shallow lake known as Lake St. Clair between Huron and Erie. Lake St. Clair contains
4 cubic kilometres of water; however, this water is spread out over 1,100 km?, leaving the lake with a
mean depth of only 3.6m. Water residence times for Lake St. Clair vary from nine days to a month
depending on wind direction (Schwab et al. 1989). Water exits Lake St. Clair and joins the Detroit River
which flows south and enters Lake Erie. From the outlet of Lake Huron to the Detroit River's inflow
into Lake Erie - known as the Huron-Erie corridor - elevation drops only three metres, 0.9m of which
occurs from Lake St. Clair to Lake Erie (Derecki 1984). The gradient along this corridor is so shallow
that flow along the river has been documented to reverse when influenced by ice jams in the lower
reaches of the river or by seiches produced by strong easterlies blowing across Lake Erie. Twelve
reversals were identified prior to 1950 on the Detroit River; one flow reversal occurred in 1986 (April 22;
Quinn 1988). Overall, 168km? of water enters Lake Erie via the Detroit River each year.
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Figure 1-17. Box and whisker plot of elevation in the catchment of the Great Lakes (grey), and
bathymetry (white). White squares represent long-term mean lake levels, and white diamonds mark each
lake's maximum depth. Box corners indicate the 25% and 75t percentiles; whisker caps mark the 10t and

90t percentiles. The dashed line with each box is the mean elevation; the solid black line is the median
value. Data is derived from zonal statistics of a digital elevation model (Gesch et al. 1999).

Lake Erie is the shallowest of all the Great Lakes with a mean depth of only 18.8m. The eastern
portion of the lake contains the deepest part, extending to a depth of 64m below surface. Lake Erie's
catchment is the least elevated of all the Great Lakes. The average on-land elevation within the basin is
260m. A gridded digital elevation model for the basin demonstrates that 95 percent of the catchment lies
below 400m above sea level. The 95th petcentile of Erie's on land catchment elevation is over 150m
lower than that of Lake Ontario's despite the fact that Lake Erie's catchment resides almost 100m above
the surface of Lake Ontario downstream. The most elevated areas are located in the north-eastern and
eastern extents of the Lake Erie basin. Similar to the catchment's elevation, the bathymetry of Lake Etie
has very little relief relative to the other four Great Lakes. The lake empties at its easternmost extent,
flowing northward along the Niagara River and the Welland Canal navigation channel into Lake Ontario's
western basin. The Welland Canal flow rate is roughly 6.3 cubic kilometres per year (3.4% of Niagara
River discharge).

Lake Ontario is a high-relief lake and catchment basin relative to Great Lakes Erie, Huron and
Michigan (Table 1-5). The lake's greatest depth extends 170m below sea level; only Lake Supetior
extends to greater depths (222m below sea level). Lake Ontario's catchment also has steep relief (Figure
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1-17). The on-land catchment extends to elevations greater than 550m above sea level in the southern-
and eastern-most areas of the catchment (Allegheny Highlands and Adirondack Mountains). The lake
surface is the lowermost in the Laurentian Great Lakes chain, yet the highest regions in its catchment atre
the highest of any of the Great Lakes (Table 1-5). The most elevated 5% of Lake Ontatio's catchment is
the highest of all the Great Lake catchments. The mean on-land catchment elevation is 268m above sea

level.

Table 1-5. On-land elevation within the Great Lakes basin

Lake Mean on-land catchment 95th percentile: on-land catchment
elevation (m.a.s.l.) elevation (m.a.s.l.)
Superior 384 508
Huron 300 470
Michigan 284 471
Erie 260 402
Ontario 208 566
Great Lakes basin 308 483

1.2.2.3 Climate and limnology

This section discusses climate over the Great Lakes and surrounding areas. Seasonality within the basin is
discussed and is linked to the physical limnology of the Great Lakes. Long-term global gridded climate
data (New et al. 2002) are presented to describe spatial and intra-annual variability in the basin. A
different set of climate gridded datasets developed for the North American continent are used for model
inputs in this study.

The Great Lakes basin experiences an array of climates owing to the large area occupied by the
drainage basin. Mean annual temperatures for the basin increase in a southerly fashion throughout the
basin as a product of latitudinal increases in solar radiation (Figure 1-18). Mean annual temperature
ranges from near-zero in the northern extent of Lake Superior's drainage basin to values approaching ten
degrees in the southern Lake Michigan and Lake Erie catchments. Seasonality in air temperatures are
greatest in the northern portion of the Lake Superior catchment where mean temperatures for July and
January are offset by nearly 40 degrees (Figure 1-19). The seasonality in temperatures decreases to the
southeast, reaching a minimum of 26 degrees on the south-eastern banks of Lakes Huron and Erie
reflecting the moderating role of the lakes in regional climate (Figure 1-19). The heat capacity of the
Great Lakes reduces the temperature range of lakeshore climates, increasing the mean minimum
temperature during all seasons and decreasing the mean maximum temperature for spring and summer
seasons (Scott and Huff 1996). No permafrost exists within the Great Lakes basin despite sub-zero mean
annual air temperatures in the northern Lake Superior catchment. The southern extent of isolated
permafrost is to the north of the basin near James and Hudson Bay (Figure 1-18).
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1-18. Mean annual temperature within the Great Lakes basin from New et al. (2002) climate grids.
Despite hosting the zero degree isotherm in the northern Lake Superior catchment, no permafrost exists
within the Great Lakes basin. Isolated patches of permafrost occur outside of the Great Lakes basin to
the north (close to the -1 degree mean annual isotherm).
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1-19. Difference between mean temperatures for the months of July to January (New et al. 2002).
Seasonality in temperatures is greatest in the north (38 degrees), and reaches a minimum on the south-
eastern shores of Lakes Huron and Erie.

The dominant winds in the Great Lakes region prevail from the west. The polar jet stream establishes
in the southern part of the basin during winter months, allowing cold and dry air masses from the Arctic
(cP; continental polar) to penetrate into the Great Lakes basin. The jet stream shifts to the northern
portion of the Great Lakes basin in summertime, influencing the entrance of moist and warm air masses
from the Gulf of Mexico (mT; maritime tropic) into the Great Lakes catchment from the south
(Rasmusen 1968; Magnuson et al. 1997). These air mass trajectories play an important role upon the
source of moisture in the Great Lakes basin. Gridded long-term mean wind azimuth and magnitude are
presented for the near-surface in the Great Lakes region in Figure 1-22.

Seasonality in precipitation inputs to the Great Lakes basin is influenced by shifts in dominant air
masses and by lake-effects. Overall, the Great Lakes and surrounding catchment receive roughly 850mm
of precipitation annually (Figure 1-20; data from New et al. 2002). The eastern portions of each lake's
catchment receive more precipitation than the upwind, western areas. Air masses prevailing from the
west pick up evaporated moisture upon contact with relatively warm waters of the Great Lakes.
Downwind over-land climates receive lake effect precipitation (lake-effect snow") as the land surface
cools the overlying air, decreasing saturation vapour pressure and increasing relative humidity (Figure 1-
21; Eichenlaub 1970; Niziol et al. 1995). The 'snow belt' lies on the leeward side of the Great Lakes and
receives up to four times more snowfall annually than nearby areas without lake-influences. Lake Erie is
the only lake of the five that usually freezes over almost entirely (Assel et al. 2003); therefore, lake effect
snow persists throughout the majority of snowfall seasons for lakes Superior, Huron, Michigan and
Ontario. Lake-effect snow increased during the 20th century, conceivably in response to regional
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increases in temperatures and reduced lake ice cover on the surface of the Great Lakes forming a positive
feedback with ice-albedo effects (Burnett et al. 2003; Austin and Coleman 2007; Hayhoe et al. 2010).
Mean monthly relative humidity within the Great Lakes basin varies between 65% and 80% (Figure 1-21).
Monthly humidity minimums occur in April and May (65% to 70%) whereas maximums (~75%) occur in
late-summer.

These physical climate data are important components for understanding air-lake interactions.
Humidity and temperature fluctuations directly modify an air mass' ability to accept moisture duting
evaporation of surface waters. Therefore, these data are imperative to the success of water balance studies
for the Great Lakes.
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Figure 1-20. Precipitation in the Great Lakes basin. Contouts are at 200mm/y intervals following the
New et al. (2002) climate grids. Generalized extents of snowbelts (Eichenlaub 1970) are marked with
stipple. Precipitation amount generally increases towards the east.
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Figure 1-21. Mean annual relative humidity (RH) in the Great Lakes basin. Relative humidity in the
Great Lakes basin is greatest on the leeward side of Lake Huron. The mean annual relative humidity is
greatest in the eastern portion of the catchments for Great Lakes Superior, Huron and Michigan.
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1.2.2.4 Previous water balance studies on the Great Lakes

The Great Lakes are a chain lake system. This description pertains to the progression of lake water from
the headwater lake - Lake Superior - downstream into Great Lakes Huron, Erie and finally into Ontario.
Lake Michigan, as discussed earlier, mixes with Lake Huron but does not receive a direct inflow from an
upstream Great Lake. This is similar to Lake Superior. This section quantitatively describes existing
estimates for the various fluxes of water into and out of each Great Lake.

Figure 1-23 demonstrates the quantitative fluxes for each Great Lake using values from Neff and
Nicholas (2005). When the Great Lakes are examined in this manner, four notable features become
apparent.

First, Lake Superior contains more water than all other lakes combined and does not receive a
connecting channel inflow; these features explain Lake Supetiot's extensive residence time of over 100
years that is higher than the downstream Great Lakes' residence times. The volume of Lake Michigan-
Huron, considered in this case (Neff and Nicholas 2005) to be one lake, is roughly four times as large in
volume as the lower two Great Lakes. The residence time of Lakes Huron and Michigan (10" to 102) is
less than half of Lake Superiot's (102), but is close to an order of magnitude greater than Lake Etie or
Lake Ontario (10° to 101). The residence time of Lake Michigan is close to 100 years, but if mixing input
from Lake Huron is included this estimate drops to roughly 60 years (Quinn 1992).

Secondly, current evaporation estimates suggest this flux to be similar in magnitude to runoff or direct
precipitation into each lake. This highlights the importance of evaporation to the water balance of the
Great Lakes, particularly for the upper Great Lakes that do not receive a great majority of their water
inputs from an upstream lake.

Thirdly, inter-basin diversions are found to be small compared to runoff, precipitation and evaporative
fluxes. The Chicago diversion is operational and diverts water to the Mississippi drainage basin at a rate
set at 2.9 km3/yr. Although this flux is small on an annual basis, the prolonged extraction has removed
over 150 km? from the Great Lakes basin. This extraction has directly lowered the level of Lakes
Michigan and Huron by roughly six centimetres and Erie by roughly four centimetres. However, this out-
of-basin diversion is complimented by two artificial diversions from the Hudson Bay drainage basin into
the Lake Superior basin at Long Lac and Ogaki (Figure 1-14). These two divergences add nearly five
cubic kilometres of water to the Great Lakes basin annually.

Finally, the comparatively short residence times lower Great Lakes Erie and Ontario are more akin to
rivers when considered in the context of the mean Great Lakes basin residence time (on the order of 150
years). The input of water from upstream Great Lakes is an order of magnitude greater than runoff,
precipitation and cutrent estimates of evaporation for Lake Erie and Ontario. Therefore, evaporation for
the lower Great Lakes is expected to be small when compared to water inputs to the lake (small
evaporation as a proportion of inflow). The fluxes reported by Neff and Nicholas (2005) are shown
schematically in Figure 1-23. Viewing the water balance in this manner, the small output of evaporation
compared to connecting channel inflows is apparent for Lakes Erie and Ontario.

50



12000

10000

8000

6000

4000

LAKE VOLUME (KM?)

2000

1=25y

' Superior  Michigan-Huron Erie Ontario
FLUX (km’ly) R = RUNOFF
25 —— P = PRECIPITAITON

E = EVAPORATION
D = DIVERSION

100 —p

200 el

Figure 1-23. Quantitative schematic of the movement of water between the Great Lakes and the
atmosphere. Black arrows represent hydrologic fluxes, and the thickness of the lines/arrowheads
corresponds to the estimated magnitude of the flux (Neff and Nicholas 2005). The volume of each Great
Lake is portrayed by grey shading within each box. The volumes of Lakes Erie and Ontario are small
compared to upstream Great Lakes. Runoff, precipitation, inter-basin divergences and connecting
channel inflow are represented by R, P, D and C, respectively. Residence times for each lake are displayed
() in years (y). Note that the estimates here contain considerable uncertainty thus justifying a alternative
(example: stable isotope balance) approach to be taken to constrain uncertainties.

The fluxes portrayed in figure 1-23 are presented again in figures 1-24 and 1-25 for each Great Lake.
These figures (1-24, 1-25) differ from Figure 1-23 as they explicitly outline the values for the estimate of
each flux and its corresponding estimate of uncertainty. Figure 1-26 reports the surface areas of the Great

Lakes and their surrounding catchments in addition to volumetric data.
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Figure 1-24 - Quantitative schematic for Lake Superior and Lake Michigan-Huron (treated as one lake).
Values for percentage of basin gauged, fluxes and uncertainty for each flux presented are those reviewed
by Neff and Nicholas (2005). Flushing times (t) for each lake are those reported by Quinn (1992). Great

Lake volumes are obtained from the Coordinating Committee on Great Lakes Basin Hydraulic and
Hydrologic Data (1977). Net basin supply (NBS) is defined by P + Runoff - E (Neff and Nicholas 2004).
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Figure 1-25 - Quantitative schematic for Lake Erie and Lake Ontario. Values for percentage of basin
gauged, fluxes and uncertainty for each flux presented are those reviewed by Neff and Nicholas (2005).
Flushing times (t) for each lake are those reported by Quinn (1992). Great Lake volumes are obtained
from the Coordinating Committee on Great Lakes Basin Hydraulic and Hydrologic Data (1977). Net
basin supply (NBS) is defined by P + Runoff - E (Neff and Nicholas 2004).
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Figure 1-26 - Quantitative schematic of the Great Lakes chain system. Catchment area and Great lake

surface areas are compated on a logarithmic scale. Lake St. Clair is also presented as a reservoir in this

schematic, despite its small volume and short residence time (roughly two weeks).
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Prior to evaluating evaporative losses for the Great Lakes by a stable isotope mass balance, it is
important that other methods of estimating evaporation are reviewed. Long-term mean evaporation and
direct precipitation values from the Great Lakes Environmental Research Laboratory Model (GLERL)
(Croley 1I 1989; data from personal communication T. Hunter) are summarized in (Figures 1-27a through
1-27¢). These figures also present North American Regional Reanalysis (NARR) zonal statistics for air
temperature and relative humidity within each Great Lake basin (land and lake area; Mesinger et al. 2000).
Physical climate data has already been reviewed. However, evaporation fluxes have not yet been
discussed here; the evaporation flux for the Great Lakes will be examined here.

For all Great Lakes, evaporation rates are lowest in summer months and greatest in fall and winter
months. This is an interesting seasonal behaviour. Seasonality in evaporation rates diverges from
seasonality in air temperatures (evaporation occurs during months with colder air temperature). This
seasonality is controlled by the thermal inertia of the water that makes up the Great Lakes. In winter, cold
dry continental air masses enter the basin from the northwest. Upon advection over the Great Lakes, the
air warms and its ability to accept moisture increases (relative humidity decreases with increasing
temperature; following equations of Buck 1981). Furthermore, the average over-lake wind speed of
winter months tends to be greater than that of summer months (Mesinger 2006; Figure 1-22). This
produces a greater turbulence in the air column and supplies the lake-air boundary layer with under-
saturated air (relative humidity < 100%).

During summer months, the northerly shift of the jet stream permits advection of moisture from the
Gulf of Mexico. These air masses stagnate over the Great Lakes, and produce less turbulent condition
than winter months. Furthermore, the difference between air temperatures and epilimnion surface
temperatures is small compared to wintertime. Therefore, model results suggest that summer evaporation
rates should be small in comparison to fall and winter rates (Croley 11 1989). Eddy covariance approaches
suggest that GLERL model (surface flux and heat storage approach) evaporation seasonality is largely
correct (C. Spence, personal communication). However, these measurements are only made at certain
lakeshore stations, are therefore exposed to localized conditions that may not be representative of
processes controlling evaporation over the immense areas covered by each Great Lake. Due to the
thermally stratified conditions of the summer months in the Great Lakes, exchange of waters at the near-
surface and at-depth is limited. If evaporation enriches an evaporating epilimnion in the heavy stable
isotopes of oxygen and hydrogen, then stable isotope ratio measurements have the ability to test the
apparent lack of summertime evaporation as suggested in the GLERL energy balance model.
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Figure 1-27a and 1-27b. Long-term monthly mean values for over-lake precipitation and evaporation
rates from the Great Lakes Environmental Research Laboratory (GLERL) model are presented as a
dashed line. Grey shading marks one standard deviation for long-term monthly precipitation and
evaporation rates. North American Regional Reanalysis INARR; Mesinger et al. 2006) monthly mean air
temperature and relative humidity (RH) are also plotted. Etror bars correspond to one standard deviation
of grid values with the basin. Data are shown for Lake Superior (a) and Lake Huron (b).
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Figure 1-27¢ and 1-27d. Long-term monthly mean values for over-lake precipitation and evaporation
rates from the Great Lakes Environmental Research Laboratory (GLERL) model are presented as a
dashed line; grey shading marks one standard deviation for long-term monthly precipitation and
evaporation rates. North American Regional Reanalysis (NARR; Mesinger et al. 2006) monthly mean air
temperature and relative humidity (RH) are also plotted. Error bars correspond to one standard deviation
of grid values with the basin. Data are shown for Lake Michigan (c) and Lake Erie (d).
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Figure 1-27e. Long-term monthly mean values for over-lake precipitation and evaporation rates from the
Great Lakes Environmental Research Laboratory (GLERL) model are presented as a dashed line. Grey
shading marks one standard deviation for long-term monthly precipitation and evaporation rates. North
American Regional Reanalysis (NARR; Mesinger et al. 2006) monthly mean air temperature and relative
humidity (RH) are also plotted. Exror bars correspond to one standard deviation of grid values with the

basin. Data is shown for Lake Ontario ().

58



The GLERL model estimate for the long-term annual evaporation rate of each Great Lake is 603+155
mm/yt, 6562166 mm/yr, 6481205 mm/yr, 8301164 mm/yr and 666£159 mm/yr for Lakes Supetior,
Huron, Michigan, Erie and Ontario, respectively. Croley II 1989 outputs are in agreement with United
States Geological Survey estimates (Neff and Nicholas 2005). A comparison is drawn in Table 1-06.

Table 1-6. Evaporation rates (mm/yr) and fluxes reported by the Great Lakes Environmental Research
Laboratory (Croley II 1989) and the United States Geological Survey (Neff and Nicholas 2005).

R GLERL USGS GLERL USGS
rea
Lake E lo E +/- E 1o E +/-
(km?)
(km3/y) | (km3/y) | (km3/y) | (km3/y) | (mm/y) | (mm/y) | (mm/y) | (mm/y)
Superior | 82000 49.4 12.7 48.4 16.9 603 155 590 207
Huron | 60000 39.4 9.9 656 166
74.5 26.1 624 217
Michigan | 58000 37.6 11.9 648 205
Erie 25700 213 4.2 232 8.1 830 164 903 316
Ontario | 19000 12.6 3.0 12.6 5.7 666 160 663 298

Adding the data in Table 1-6 to long-term input fluxes reported in Neff and Nicholas (2005) produces
a value of evaporation as a proportion of inflow for each lake (Table 1-7). These data form a useful
comparison tool against stable isotope mass balance outputs. Regarding the uncertainty for the E/I value,
it is important to note that the total hydrologic input is well constrained for the lower two Great Lakes.
This is a result of the larger proportion contributed by the upstream connecting channel inflow that is
gauged and known within 15%. To estimate the uncertainty for the input flux, the uncertainty of the
various inputs has been weighted against their proposed fluxes. This produces uncertainties for the total
input ranging from ~40% for Lakes Superior, to less than 20% for Lakes Erie and Ontario (Table 1-7,
Figure 1-28).

Table 1-7. Evaporation as a proportion of inflow (%) from physical hydrologic approaches

GLERL: USGS:
Total Input GLERL E/I USGS E/I
Lake Evaporation Evaporation
km3/y +/- km3/y +/- km3/y +/- % +/-* % + /%
Superior 115 47 49 13 48 17 43 20-48 42 23-54
Huron 212 68 39 10 19 8-16
75 26 29 10-10
Michigan 123 56 38 12 31 16-44
Erie 210 42 21 4 23 8 10 3-5 11 5-8
Ontario 234 38 13 3 13 6 5 2-3 5 3-4

* Uncertainty for E/I in %. Low value for uncertainty is presented first, followed by a dash, and then
followed by the high uncertainty value.
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Figure 1-28. Evaporation as a proportion of inflow from the Great Lakes Environmental Research
Laboratory model and United States Geological Survey (Neff and Nicholas 2005).

We have now reviewed background literature in isotope hydrology for lake studies, introduced the
Great Lakes geography and described previous estimates for evaporation from the Great Lakes using
energy and mass balance approaches. Next, the dataset and approach to estimating evaporation using a

stable isotope mass balance will be presented.
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Chapter 2
Dataset and Methods

2.1 Dataset

Multiple forms of data are required to calculate evaporative losses using a stable isotope approach. This
chapter contains four sections. The first (2.1.1) presents data for 8180 and 82H for the Great Lakes,
precipitation and other surface waters. The second compiles and reports estimates of lower troposphere
relative humidity and temperature over each Great Lake. The third presents lake temperatures and other
physical climate data from lake buoys. Finally, estimates of seasonality in lake evaporation as a percentage
of mean annual rates are compiled. The sources and values for each referenced dataset are summarized in
this section; appendices are referenced for large and new datasets.

2.1.1 Stable isotopes of oxygen and hydrogen in the Great Lakes basin

Several sources of oxygen and hydrogen isotopic data are available for the Great Lakes hydrological
system. Isotopic signatures of (1) the Great Lakes, (2) precipitation, and (3) inflows and connecting
channels are described in this section.

Two cruises led by the Environmental Protection Agency (EPA) in the spring (late March and early
April) and summer (early August) of 2007 collected a total of 514 samples of lake water from the five
Great Lakes: 283 samples were collected during the spring cruise and 231 samples were collected in the
summer cruise. Lake water samples were acquired from within two metres of the lake surface, at mid-
depth(s), and within ten metres of the sediment-water interface at each station. The separation of the two
cruises in time and vertical profiling within the water column recovered a set of samples that effectively
captures spatial and seasonal variability within Great Lakes waters.

The lake water samples were shipped to the Alberta Research Council’s (now a part of Alberta
Innovates — Technology Futures) Isotope Hydrology and Geochemistry Laboratory located in Victoria,
British Columbia. Stable isotope ratios of oxygen (180/1¢0) and hydrogen (*H/'H) were analyzed for
each of the 514 samples. Duplicate runs of samples for quality assurance and quality control (QA/QC)
were completed, producing a total of 1224 isotopic analyses of Great Lakes waters (621 for 8'80; 603 for
5%H).

For oxygen isotopic analyses (reported as 5180 values in %o relative to the Vienna Standard Mean
Ocean Water (VSMOW) standard, where 880 = 1000 (Rsumple/ Rvsmow — 1) and R is the 80O /160 ratio)
samples were run on a Delta V Advantage mass spectrometer with a GasBench II peripheral. Water
samples were equilibrated in a sealed vial with 0.3% carbon dioxide gas (COg(). This permitted the
oxygen within the water sample (H2Og) to exchange with the oxygen within the COg at constant
temperature. A CTC Analytics autosampler sampled the equilibrated COg) onto the peripheral, where
multiple injections of the equilibrated (as COa) were measured against a pure CO2 monitoring gas. 3180
results are accurate to within +0.2%o.
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Analyses of the stable isotopes of hydrogen (reported as 3?H values in %o relative to VSMOW, where
82H = 1000° (Rsample/ Rvsmow — 1) and R is the 2H/'H ratio) in each sample were run on a Delta V
Advantage mass spectrometer with a HDevice peripheral. A CTC Analytics autosampler was used to
inject one microlitre (1 pl) of sample water into the septum port of the HDevice. This duel-inlet
petipheral, equipped with chromium metal at 900°C, produced hydrogen gas (Hz) from the sample
water that was then introduced into the mass spectrometer through the duel inlet bellows. The hydrogen
isotopic composition was measured relative to a pure hydrogen gas calibrated against international
standards. Results are accurate to within +1%e.

8180 and 82H results for Great Lakes waters are presented in Appendix A. Sampling stations are

displayed in Figure 2-1.
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Figure 2-1. Sampling stations for Great Lakes waters. Samples collected during spring months are
presented as squares; those collected during summer are presented as diamonds.

Precipitation is collected and analyzed for stable isotopes of oxygen and hydrogen by two regional
networks: the Canadian Network for Isotopes in Precipitation (CNIP;
http://science.uwatetloo.ca/~twdedwar/cnip/cniphome.html) and the United States Network for
Isotopes in Precipitation (USNIP; Welker 2000), and one global network: the International Atomic
Energy Agency (IAEA; http://www-naweb.iaea.org/napc/ih/IHS_resources_gnip.html). The regional
networks contain isotope data for a combined total of 115 sampling stations (35 CNIP, 80 USNIP). The
International Atomic Energy Agency database contains data for over 800 stations worldwide, some of
these are jointly operated with the regional networks. In total, 117 precipitation monitoring stations exist
over the North American landmass (Figure 2-2).
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Figure 2-2. North American locations of sampling stations for the Canadian Network for Isotopes in
Precipitation (CNIP), United States Network for Isotopes in Precipitation (USNIP), and the International
Atomic Energy Agency (IAEA). Average 3180 values for these stations are presented as a neatest-
neighbours interpolation.

Of these stations, 21 are located within or close to the boundary of the Great Lakes drainage basin (13
stations from CNIP, eight from USNIP). The coordinators of each regional network were contacted and
provided analytical results and associated precipitation fluxes for each of the stations applicable to the
Great Lakes. The combined datasets contain 1943 analyses of 380 (1648 from CNIP or IAEA, 286 from
USNIP) and 1881 analyses of 3°H (1600 from CNIP or IAEA, 281 from USNIP). These stations are
presented in Table 1-7 and locations are displayed in Figure 2-3.
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Figure 2-3. Locations of precipitation monitoring stations in the Great Lakes basin and surrounding
areas. Stations are abbreviated as follows: Atikokan - ATIK, Aurora Research Farm - AUROR, Bonner
Lake - BON, Chapais - CHAP, Chautauqua - CHAUT, Chicago - CHIC, Coshocton - COS, Douglas
Lake - DOUG, Egbert - EGB, Experimental Lakes Area - EXP, Lake Geneva - GEN, Morcell
Experimental Forest - MOR, Ottawa - OTT , Penn State - PEN, Simcoe - SIM, Ste. Agathe - STE, Trout
Lake - TROUT. Not shown here are The Pas, Gimli and Bismarck (west of map extent). Caldwell is
located south of the map extent.
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Table 2-1. Isotopic monitoring stations for precipitation: spatial and temporal data

Altitude
Station Source Latitude | Longitude Dates operational
(m.a.s.l.)
Atikokan TAEA 48.75 -91.62 393 1975 1982
Aurora Research Farm USNIP 42.73 -76.66 249 1989 1994
Bismarck TAEA 46.77 -100.75 502 1963 1984
Bonner Lake CNIP 49.38 -82.12 245 1993 2003
Caldwell USNIP 39.79 -81.53 276 1989 1990
Chapais CNIP 49.82 -74.97 382 1993 2003
Chautauqua USNIP 42.30 -79.40 488 1989 1993
Chicago TAEA 41.78 -87.75 189 1960 1979
Coshocton TAEA 40.37 -81.80 344 1966 1971
Douglas Lake USNIP 45.56 -84.68 238 1989 1990
Egbert CNIP 4423 -79.77 224 1993 2003
Experimental Lakes Area CNIP 49.67 -93.72 369 1993 2003
Gimli TAEA 50.62 -96.98 223 1975 1982
Lake Geneva USNIP 42.58 -88.50 288 1989 1993
Morcell Experimental Forest USNIP 47.53 -93.47 431 1989 1994
Ottawa TAEA 45.32 -75.67 114 1953 2007
Penn State USNIP 40.79 -77.95 393 1989 1989
Simcoe TAEA 42.85 -80.27 240 1975 1982
Ste. Agathe IAEA 46.05 -74.28 395 1975 1982
The Pas TAEA 53.97 -101.1 272 1975 1982
Trout Lake USNIP 46.05 -89.65 501 1989 1991

These datasets are used in two ways. First, a local meteoric water line (LMWL) is established for the

Great Lakes drainage basin. This is accomplished by producing a linear regression of unweighted results
from stations with 8180 and §2H. 200 monthly results are randomly selected for Ottawa (n > 550 analyses
of 8180) so that this station did not dominate the regression; 200 analyses is close to the next highest
number of analyses at a single station (Chicago n = 192). Regressions for each individual station are also
computed (Table 2-2).
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Table 2-2. Meteoric water lines for stations in the Great Lakes basin and vicinity

Precipitation MWL
Station Source MWL slope MWL R?
(mm/yt) intetcept
Atikokan TAEA 683 7.84 7.49 0.99
Aurora Research Farm USNIP 1058 7.65 10.47 0.98
Bismarck TAEA 399
Bonner Lake CNIP 882 7.70 5.13 0.99
Caldwell USNIP 1223
Chapais CNIP 1045 7.80 8.53 0.99
Chautauqua USNIP 864 7.05 4.31 0.96
Chicago TAEA 908 6.98 0.08 0.96
Coshocton TAEA 977 7.51 8.81 0.97
Douglas Lake USNIP 852
Egbert CNIP 784 6.86 -2.64 0.95
Experimental Lakes Area CNIP 687 7.75 5.00 0.99
Gimli TAEA 557 7.65 2.96 0.99
Lake Geneva USNIP 1175 7.20 -0.09 0.88
Morcell Experimental USNIP 934 8.11 11.78 0.99
Ottawa TAEA 909 7.57 7.06 0.97
Penn State USNIP 1036
Simcoe IAEA 941 7.80 9.40 0.97
Ste. Agathe TAEA 1200 7.75 9.96 0.98
The Pas TAEA 445 7.57 -0.42 0.99
Trout Lake USNIP 1090 8.12 14.88 0.99
Great Lakes basin (QUINIE, - 7.73 6.73 0.98
IAEA

Second, to establish the annual isotopic composition of precipitation at each site, isotopic results are
amount-weighted to monthly precipitation by equation 1:

_ ZT:ISiPi

P(AW) Zin:IPi ©)

Each month’s (i) isotopic analysis (3) is multiplied by the corresponding monthly precipitation (P).
Normalizing to the total precipitation a station received during the sampling period, a flux-weighted
isotopic value (Spawy) for each isotopic tracer (8180, 82H) is presented for the ten precipitation
monitoring stations in Table 2—3. For interest, the combined datasets of all three networks produce an
amount-weighted value of 5180 = -7.1 %o for (n = 5543 analyses of 3180 and monthly precipitation)
from 94 stations over North America.
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Table 2-3. Data for isotopic monitoring stations for precipitation

B8O * d2H * Deuterium
Station Source | n: 380 | n: 82H
(Yoosmow) | (Yeosmow) excess **
Atikokan TAEA 76 75 -12.61 -91.5 9.4
Aurora Research Farm USNIP 27 56 -8.12 -57.3 7.6
Bismarck TAEA 1 1 -22.20 -174.5 3.1
Bonner Lake CNIP 121 122 -13.82 -100.7 9.9
Caldwell USNIP 0 30 -40.4
Chapais CNIP 122 123 -13.40 -97.3 10.0
Chautauqua USNIP 27 32 -8.36 -55.5 11.3
Chicago TAEA 192 170 -6.18 -44.7 4.8
Coshocton TAEA 65 64 -7.41 -46.6 12.7
Douglas Lake USNIP 23 0 -10.27
Egbert CNIP 65 65 -10.35 -72.8 10.1
Experimental Lakes Area CNIP 123 123 -12.33 -90.3 8.4
Gimli IAEA 76 73 -14.21 -103.7 10.0
Lake Geneva USNIP 69 43 -7.51 -52.4 7.6
Morcell Experimental Forest USNIP 109 61 -11.17 -89.1 0.3
Ottawa TAEA 571 556 -10.97 -75.2 12.6
Penn State USNIP 0 26 -40.4
Simcoe IAEA 81 78 -9.27 -62.2 12.0
Ste. Agathe TAEA 82 80 -12.55 -87.8 12.6
The Pas TAEA 73 70 -16.55 -125.8 6.6
Trout Lake USNIP 31 33 -9.06 -67.3 5.2

* 3180 and 82H are amount weighted to precipitation following equation (1).

** Deuterium excess values are computed as (Dansgaard 1964): deuterium-excess = 82H - 8-8180
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A complementary spatial dataset has been obtained for isotopes in precipitation. The spatially resolved
grid (10-minute) provides a continuous spatial dataset with estimates of monthly precipitation values for
3180 and 62H over the Great Lakes (approach reviewed by Bowen 2008; dataset obtained from Bowen
2009).

Isotope analyses of rivers, streams and Great Lakes connecting channels have been drawn from three
data sources. Surveys conducted by the United States Geological Survey (USGS), Environment Canada
(EC) and the Grand River Conservation Authority (GRCA) provided 8'%0 and 82H analyses of surface
waters. Cumulatively, the three datasets contain over 500 analyses of oxygen and hydrogen stable isotopic
ratios.

Between 1984 and 1987, river water samples were collected by the U.S. Geological Survey (USGS) and
analyzed for stable isotopes of oxygen and hydrogen. The sampling program utilized stations from
existing networks such as the National Stream Quality Accounting Network (NASQAN; Kendall and
Coplen 2001) to obtain samples. In the Great Lakes drainage basin, 22 stations were sampled at one- to
eight-month intervals over a 30- to 36-month period. Sampling was not evenly dispersed among the
basins: five stations were sampled within the Lake Superior catchment, three within Huron, five within
Michigan, three within Erie, and six within Ontario. Each of the 22 stations was sampled on at least ten
occasions, amounting to a total of 275 analyses for both 3180 and 82H in the Great Lakes drainage
system. Two of the 22 sampled stations are connecting channels between Great Lakes (connecting
channel inflow to Lake Huron at the St. Mary’s River and into Lake Ontario at the Niagara River) and
have been considered separately from net basin supply inputs from rivers.

The Grand River was sampled for isotopes of oxygen and hydrogen on the northern shore of Lake
Erie’s catchment by the Grand River Conservation Authority. Sampling was completed from 2003
through 2005. Over 70 samples were analyzed for 3180 and 82H over this period.

To determine representative isotopic values for the 20 USGS stations and the Grand River, a flux-
weighted approach was taken. Discharge data from the sampling period was obtained for each sampled
river from the National Water Information System (NWIS; United States Geological Survey) and
Hydroclimatological Data Retrieval Program (HYDAT; Environment Canada) databases. Each sample is
assumed to represent the monthly average isotopic value. Each sample is matched to the average monthly
discharge to produce a discharge-weighted value for the isotopic composition of each station. This was
also completed for all sampling stations in the entire 391 station database (Kendall and Coplen 2000)

_Z1,6,Q,

R(FW) — zl; (12 2
i=1 i

where 8 is the result of an isotopic analysis for a sample collected during month i; Q is the average
river discharge for month i. The data for these stations is presented in Table 2—4. Drainage area of the
combined dataset is 30800 km?. Between <3 and 41 percent of each Great Lake's drainage area is
sampled by Kendall and Coplen (2001): Superior: 2.8 %, Huron: 0.9 %, Michigan: 23 %, Erie: 22 %,
Ontario: 42 %. The discharge of these rivers represents between <2 and 30 percent of the runoff flux
into each Great Lake: Superior: 2.8 %, Huron: 1.7 %, Michigan: 30 %, Erie: 27 %, Ontario: 30 %.
Therefore, the isotopic composition of waters flowing into Lakes Michigan, Erie and Ontario is better
characterized than that of Lakes Superior and Huron.
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Another source of isotope data in surface waters within the Lake Superior basin was a survey led by
Environment Canada in 2008. Sampling of Ontario surface waters was completed in six broad sampling
blocks; two of the six lie within the northern sector of Lake Superior’s catchment and one other lies
within the Long Lac diverted drainage into Lake Superior. 312 lake samples were analyzed for both 880
and 82H from the six sampling regions (Figure 2-4). Aside from providing inflow stable isotope data for
Lake Superior, these data also provide a regional evaporation line for the region north of Lake Superior
(slope 5.14, R2 = (.85). This evaporation slope for small lakes is in agreement with predicted slopes for
the region (Gibson et al. 2008).

Sampling locations for rivers (GRCA and USGS) and lakes (EC) are presented in Figure 2-4.
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Figure 2-4. Sampling locations for 88020 and 82Hmuzo in rivers and lakes in the Great Lakes basin
(grey) and surrounding region. River data are from Kendall and Coplen (2001) and the Grand River
Conservation Authority. Lakes (n = 312) are from an Environment Canada sampling campaign
completed in 2008.

The isotopic data collected for this study have now been reviewed. Next, required climatic, hydrologic
and spatial data utilized in this study are presented.

2.1.2 Hydrologic, physical climate and spatial data

The EPA-led Great Lakes Environmental Database (GLENDA) provides a large amount of publicly-
available data from cruises on the Great Lakes. The physical and chemical data for the spring and
summer cruises of 2007 have been united with the isotopic results discussed above to form a single
database. Chemical parameters integrated into the database include: pH, alkalinity, conductivity, chloride
concentrations, nitrate concentration (as total oxidized nitrate), bulk phosphate concentration, filtrate
phosphate concentration, silica concentration (reported as dissolved Si) and dissolved oxygen. Additional
analytes available from CTD (conductivity temperature depth) measurements and various analyses
include temperature, irradiance, transmittance, fluorescence, beam-attenuation and chlorophyll-a
concentration. Major ion geochemistry was not analyzed for samples collected during the 2007 cruise,
with the exception of chloride and bicarbonate (expressed in units of alkalinity as CaCOs3). However,
analytical results of (Ca2*), (Mg?*) and (Na*) are available for 271 samples collected in 2004 and 144
samples from 2005 (EPA, personal communication).
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Various sources of climate data exist for the Great Lakes basin. Relative humidity values have been
obtained from 10-minute grids described by New et al. (2002) and Mesinger et al. (2006). These sources
also provide monthly average temperature values for the lower troposphere. Atmospheric temperature
data were also obtained from the National Ocean and Atmospheric Administration INOAA; Tim
Hunter, personal communication). These datasets were produced from land-based temperature
monitoring stations. A Voronoi (Thiessen) polygon approach was taken to develop average over lake
temperatures.

Monitoring buoys deployed over the Great Lakes provide additional relative humidity (calculated from
reported dew point temperatures) and air and lake temperature data (NOAA 2011). This dataset is crucial
for estimating over-lake conditions. Locations of monitoring buoys used in this study are shown in
Figure 2-5.

® Weather buoy

Figure 2-5. Locations of National Data Buoy Center (NDBC) monitoring buoys used in this study.
Long-term monthly mean temperature and relative humidity have been extracted for each of the 19
stations in the map.

In addition to the temperature dataset, NOAA provided historical datasets for total daily gauged
inflows to each Great Lake and estimates for over lake precipitation by a Voronoi-polygon approach.
Connecting channel inflows have also been compiled. These fluxes are crucial for calculating the total
hydrologic input to each Great Lake and for isotopic flux weighting of inputs to each Great Lake.

Spatial data acquired in the Great Lakes basin include: catchment delineations for each Great Lake
basin, Great Lake coastlines and bathymetry, a digital elevation model, and Great Lakes basin
hydrography. Many of these datasets were obtained from the Great Lakes Information Network (GLIN).
Hydrographic catchment delineations for the United States were obtained from the United States
Geological Survey (USGS 2010).
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2.2 Stable isotope approach to calculating over lake evaporation

This section presents a development of the stable isotope mass balance approach to estimating lake
evaporation as a proportion of inflow. First, the equations and theoretical formulation of the existing
model and the proposed additions for large lake systems are presented. Next, the input values for the
calculation are presented.

2.2.1 Equations and proposed modifications for large surface waters

The water balance of any reservoir can be calculated by a mass balance equation:
[-O=AS C)

where I is the sum of all hydrologic inputs, O is the sum of all hydrologic outputs and AS is the change
in storage per unit time. Inputs to a lake are in three general forms: river inputs (runoff), direct
groundwater discharge and direct precipitation. Lake hydrologic outputs are lake evaporation, river
outflows, or groundwater recharge. AS = 0 for lakes in hydrologic steady state (constant volume).
Furthermore, if groundwater recharge by the lake is negligible - as is the case for the Great Lakes (Neff
and Nicholas 2004) - it is useful to rearrange Equation 3 to the following form:

[=Q+E )

where Q is surface outflow flux from the lake and E is the flux of water lost to evaporation. Next, we
add a tracer term to each flux:

51=5,Q+8.E ©)

where § is the flux-weighted value for either 8180 or 82H and the subscript corresponds to the flux. The
balance now expresses the balance of a lake in terms of its stable isotope mass balance. Since stable
isotopes are a conservative tracer - as oxygen and hydrogen are directly incorporated into the water
molecule - there is no reactive or biological component to this stable isotope mass balance. For the Great
Lakes, the surface outflow represents the isotopic composition of the upstream Great Lake (Sourrrow =
d1). Combining Equations (4) and (5) produces an expression for evaporation as a proportion of inflow

to a lake.
01=8,(I-E)+9o.E (6)
solving for E/I, we have:
E_520 @)
I §,-9,

Evaporation as a proportion of inflow (E/I) is the target value for the stable isotope water balance in
most lake studies. However, the E/I value is not the ideal format for the water balance of a North
American Great Lake. The value of outflow is very well constrained for most of the Great Lakes (Figures
1-24 and 1-25) with the exception of Lake Michigan and Lake Huron's mixing fluxes. To take advantage
of this, I substitute Equation (4) into Equation (7):
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Rearranging Equation (8), I produce a new expression for the total evaporative flux from a lake in
terms of its isotope mass balance and gauged outflow:

5 -9
E=| 2" |.Q ©)
85 o 81
The expression presented in Equation (9) capitalizes on the well established liquid surface outflow flux
for each Great Lake to produce a quantitative estimate of total evaporation losses by a stable isotope
mass balance method. This approach has potential to yield an estimate of the net outgoing evaporate flux

that is better constrained than existing uncertainties in evaporation rates (35 to +45 percent; Neff and
Nicholas 2005). Values of Q are constrained within 10% for the Great Lakes (Figures 1-24 and 1-25;

5, -9
Neff and Nicholas 2005); therefore, if uncertainties associated with the isotopic balance [ ! 8L J can

be constrained within about 25% for the Great Lakes, then this may be the superior approach to

E 1

estimating evaporation.

In order to utilize Equation (7) and Equation (9) to calculate an evaporative estimate for each Great
Lake, the various input parameters: 81, 81, and Sk - must be discussed.

The isotope composition of lake waters is the simplest parameter. Lake water is sampled and analyzed
by isotope ratio mass spectrometry. This step is complete for the Great Lakes; data are presented in
Appendix A.

The isotope composition of inputs is slightly more complex than that of lake waters. Inputs to a Great
Lake are either direct precipitation, intra-basin inflows (runoff) or connecting channel inputs from
another Great Lake. Direct groundwater input is neglected here as the maximum discharge flux calculated
(Grannemann et al. 2000) is less than the uncertainties for the other fluxes. The flux-weighted values for
each of the inputs to a Great Lake are weighted against one another following:

U5, +P5, +R3,

5,
I

(10)

where U is the inflow from an upstream lake, including mixing inputs for Lakes Michigan and Huron.
P represents direct over lake precipitation. R represents inflows from intra-basin rivers. Using Equation
(10), the flux-weighted isotope composition of the combined inputs to each Great Lake (3y) is calculated.

This leaves the 8180 and &%H value for the flux-weighted evaporate from each Great Lake (3g). Ok is
calculated following the approach proposed by Craig and Gordon (1965; Equation 14) with significant
modifications to account for lake effects on the atmosphere. As a surface water body evaporates both
equilibrium and kinetic isotope effects produce an isotopic fractionation between the liquid and vapour
phases. First, the equilibrium separation (¢*) is calculated by equation (11).

e*=(a,, *~1) (11)
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where o* is the liquid-vapour fractionation factor, and is calculated as a third order function of air
temperature following equations for 380 (Equation 12) and $?H (Equation 13) developed by Horita and
Wesolowski (1994). All temperatures are weighted against estimates for monthly evaporation percentage.

2

N 10° 10° 10°
1000-Incr,., *(8"0) = =7.685+6.7123 —— | +1.6664 —- |+ 0.35041 ~- (12)

) T’ T T 10°
1000-Ino, , *(8°H) =1158.8) — [—1620.1) — |+794.84) — |—161.04 +2.9992| —— |(13)
10 10 10 T
Secondly, a kinetic separation factor (ek) represents a second vapour-liquid fractionation for an
evaporating water body when the atmosphere is subsaturated (relative humidity: h < 1):

g, =C,(1-h) (14)

The Ck term for continental systems is derived from wind-tunnel experiments and is input as 0.0142
and 0.0125 for 880 and 82H, respectively. However, the immense surface areas of the Great Lakes and
marine-like moderating effects suggest the need to explore Ck values developed for laminar (smooth
surface) conditions (0.0186 and 0.0165 for 3180 and 82H following molecular isotopologue diffusivities
from Merlivat 1978). Laminar conditions are chosen to best represent the Great Lakes region, as mean
monthly wind speeds are generally less than seven metres per second (data from Mesinger et al. 20006;
laminar wind speed conditions defined by Araguas-Araguas et al. 2000).

The composition of the atmospheric moisture (34) in equilibrium with the isotope composition of
precipitation weighted to seasonality in evaporation (8p)) is calculated following Equation (15).

8, = By, —10°€%) /1, , *  (%0) (15)

A

Finally, we add the outputs of equations 11, 14 and 15 for each Great Lake to calculate the isotope
composition of the evaporate following the equation of Craig and Gordon (1965), as formulated by
Gonfiantini (1986).

3 _o% * _ 3y
SE{(SLMO /0, *h@ 108 | 100 g »

l-h+¢g,

Now, a first estimate of evaporation as a proportion of all hydrologic inputs to each Great Lake (E/I)
can be formulated following Equation 7. 81 is the median isotope value of isotope analyses of water
samples for each Great Lake, with the exception of Lake Erie (discussed in Chapter 3).

However, the first iteration of the E/I calculation produces awkward results that do not successfully
match E/I results for the two isotopic tracers (8180 and 82H; see results section, Table 3—4: E/I; values).
To successfully account for the effects the Great Lakes have upon their own downwind atmosphere, it is
important to revisit the evaporation model to account for the incorporation of Great Lake surface waters
into the overlying atmosphere through evaporation:

Z =72, 1-x)+Z,, - (x) (17)

DOWN
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The mixing term x represents the amount of the evaporated air parcel (Asat) incorporated into the
overlying atmosphere. Zyp represents an upwind value for the partial pressure of water vapour, air
temperature, or 3x weighted to monthly evaporation. Zsar represents a saturated air parcel (h = 1) with a
temperature representative of a Great Lake surface water temperature during the evaporative season
(accounting for latent heat of vaporization) and an isotope composition of 8g (Equation (16) using initial
upwind atmosphetic conditions). The calculated "downwind" air-parcel (Zpown) is computed following
Equation (17) for three parameters: (i) air temperature, (i) the isotope composition of atmospheric
moisture (54) and (iii) specific humidity (converted to relative humidity by calculating the saturation
vapour pressute as a function of temperature (i) from Buck (1981)). The calculation for E/I is iterated
with varying percentages of saturated air input (x: 0 to 25%) until E/T outputs for 180 and 2H agtee..

An evaporate mixing approach was first proposed by Gat et al. (1996; pp. 6448), although the authors'
did not include temperature effects on the saturation vapour pressure of the overlying air mass (mixed
relative humidity values instead of specific humidity as is proposed by Equation (17). The approach
utilizes a model that adds humidity and 8g in one step. Another 84-8g mixing model was for small lakes
downwind of Great Slave Lake, although lake-effects on humidity and temperature were not included
(Brock et al. 2009; Benkert 2010). This approach utilized an estimated value of 8g advecting via onshore
winds from Great Slave lake to constrain E/I values for small lakes leeward of Great Slave Lake. 8y for
Great Slave Lake is calculated by the coupled approach first presented by Yi et al. (2008). Yi et al. use an
index lake with a closed water balance (E/I = 1) and a sufficiently long residence time to integrate the
isotope signature of input waters (~10 years). Using this index lake with a known E/I value of 1 and a
reasonably well constrain input value (81) a value for 84 is calculated for this ~1000km? region. Yi et al.
capitalize on the well-constrained 8 to estimate a unique value for the isotope input to each lake (81) by
assuming 81 must fall on the local meteoric water line and that using a conservation of isotopes:

180 . 180 2H _ 2H
(E/Ilgo = E/L, OR 2‘18 o __5 =9 j

o 180 2H 2H
—5," 5, -5,

E E

Kinetic isotope effects govern the §2H-5180 position of each of the lake below the meteoric water line
(Figure 3-1; Figures 3-12a to e). The ratio of to kinetic isotope separation to equilibrium separation
between the lake and vapour phases for the Great Lakes (ex /&*) ranges between 0.39 to 0.40 for 880,
and 0.037 to 0.045 for 82H. Cleatly, kinetic effects are much more important to 80 /1O ratios than
2H/'H under evaporation, as kinetic effects are only ~5 petrcent of mass-dependent equilibrium
separation for deuterium-protium ratios. For 180 /16O, separation factors for kinetic effects are ~40% of
those for equilibrium effects, a much larger proportion than that of deuterium. These ratios explain the
lower slopes observed for arid regions. In arid areas, kinetic effects become much more important to the
evaporation process. The ratio of kinetic separation factors for the two isotope tracers (exs0)/ exeny of
0.88) plays a larger role, as it is inversely and linearly proportional to relative humidity (Equation 14). The
equilibrium defined slope (e*180/¢*2m) is temperature dependent, and is close to 8.5. It is the competing
effect of these two slopes, controlled dominantly by humidity and less so by temperature - that produces
observed isotopic 8O- and 2H-enrichment trends in 82H-8'80 space.
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2.2.2 E/l calculation inputs for the Great Lakes

To calculate evaporation using the aforementioned equations (Section 2.2.1) we require an accurate
determination of input values for several isotopic and physical climate parameters. These are (i) 180 and
8%H values of precipitation weighed to seasonality in evaporation (Spgw), evaporation weighted), (i) 580
and 82H values of precipitation weighted to precipitation amount (Spaw), amount weighted), (iii) 5180
and 8%H values of intra-basin runoff weighed to river discharge (Srqrw), flux weighted), (iv) 880 and 82H
values of waters from each of the Great Lakes, (v) temperatures of each Great Lake and the overlying
atmosphere, weighted to the evaporation season and (vi) over lake relative humidity weighted to the
evaporation season.

Section 2.2.2.1 presents the method used for Spgw) (i) and Spaw) (i1). Section 2.2.2.2 will present values
for Srew) (iii) for each of the Great Lakes. Sampling sites and analytical techniques for measuring
180 /160 and 2H/'H in Great Lakes waters (iv) is presented in Section 2.2.1 (Figure 2-1). Finally, Section
2.2.2.4. will present physical climate and lake data (v and vi). After a description of calculation input
parameters have been presented the results of the evaporation calculation will be discussed in Chapter 3.

2.2.2.1 Isotope composition of over lake precipitation: dp

Characterization of 8p is a crucial input for a stable isotope mass balance for two reasons. First, Sp is
assumed to be in equilibrium with atmospheric moisture during the vapour condensation process. This
has been shown not to be the case for ice crystal formation, but is a suitable assumption for liquid vapour
phase changes (Merlivat and Jouzel 1978). The value of dp is useful for calculating the isotope
composition of atmospheric moisture in order to formulate a value for the outgoing evaporate. However,
this approach requires weighting to seasonal evaporation (Gibson 2002a). The isotope composition of
precipitation weighted to evaporation is denoted by dpiw) (EW: evaporation weighted). Secondly, Spaw)
is the isotope composition of precipitation weighted to precipitation amount (AW: amount weighted).
This is a large hydrologic input to the Great Lakes, particularly so for Lakes Superior and Michigan that
do not have a connecting channel inflow. The formulation of dp weighted to the evaporation season
(Sp@w)) and weighted to over-lake precipitation amount (Spaw)) will be presented here.

The isotope composition of direct precipitation can be estimated from a variety of approaches.
Fortunately, many isotope precipitation monitoring stations are present in the Great Lakes region
(reviewed in section 2.1.1). Four approaches are tested to examine the differences in outputs: a Voronoi-
polygon area-precipitation amount weighting approach, a stepwise regression approach with Cressman
(1959) corrections, an inverse distance weighted interpolation approach and use of an existing empirical
stepwise grid that is corrected to nearby station outputs (Bowen 2009).

The Voronoi (or Thiessen) polygon approach creates a series of polygons from a set of points in space.
One polygon is constructed for each data point. All area within the polygon is closer to the measurement
site within the polygon than any other point in the dataset (Figure 2-1). If the area within the polygon is
assumed to be best represented by precipitation collected at the most proximal CNIP, USNIP or IAEA
monitoring station. Finally, the amount weighted isotope composition of direct precipitation is weighted
by area and precipitation amount for each of the Great Lakes by Equation (18):
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where Sp(riiessen) is an estimate for the value of 3180 or 82H computed by a Voronoi-area and
precipitation amount weighting method. A; tHiessen represents the percentage of a Great Lake (by area)
that is closest to the sampling station i. P thiessen is the mean annual precipitation at sampling station 1.
di, paMouNT) 18 the amount-weighted value of 8'80 or 82H for station i. Results for the Voronoi-polygon
area and precipitation amount weighting approach are presented in Table 2—5. The weighting term in

Table 25 refers to (Ai,THIESSEN 'Pi,THIESSEN)

A, P

i, THIESSEN ~ * i, THIESSEN
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Table 2-5. Voronoi-area and precipitation-amount weighting results for each Great Lakes basin.

Over lake
AREA | 880* | 8H* | Precip. | Weighting | Precipitation
ation % | (oosnow) | (Yeosmow) | (mm/yr) (Vo) o0, (~32H’
deuterium
excess)
LAKE SUPERIOR
Mortcell Experimental Frst. 0.8 -11.17 -89.1 934 0.8
Atikokan 44 | 1261 915 683 3.1
Trout Lake 574 | 9.06 673 1090 63.7 938,698, 08
Douglas Lake 375 | 1027+ | 722 852 325
LAKE HURON
Egbert 374 | 1035 | -72.8 784 35.0
Douglas Lake 489 | 1027 | 722 852 49.7 ‘10'1;3 270'9’
Simcoe 137 | 927 62.2 941 15.4 '
LAKE MICHIGAN
Lake Geneva 270 | 751 52.4 1175 32.9
Trout Lake 33 29.06 673 1090 37
Douglas Lake 395 | 1027 | 722 852 34.9 815,517
Chicago 302 | 618 447 908 284
LAKE ERIE
Simcoe 480 | 927 622 941 478
Coshocton 38.2 -7.41 -46.6 977 39.5 -8.42,-55.2,12.2
Chautauqua 13.8 | -8.36 55.5 864 12,6
LAKE ONTARIO
Egbert 286 | 1035 | -72.8 784 234
Simcoe 2.5 927 622 941 2.5
Ottawa 40 | 1097 | 752 909 3.8 -8.79, -61.6, 8.7
Chautauqua 55 "8.36 55.5 864 49
Aurora Research Farm 59.4 -8.12 -57.3 1058 65.5

* 8180 and 82H are amount weighted to precipitation following equation (1).

** Only 82H data available; 3180 is estimated by the local meteoric water line for the Great Lakes basin.
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Figure 2-6. Voronoi-polygons in the Great Lakes basin based upon the ten CNIP/USNIP stations with
analyses for both 6180 and 82H. Shading portrays the percentage of a Great Lake basin most-proximate
to a given CNIP/USNIP station.

The Voronoi-polygon approach to estimating 8p for over lake precipitation has drawbacks. The
approach does not consider air mass advection trajectories. This may be a source of considerable error
for the Great Lakes region as the dominant wind direction pays a significant role on the source of
moisture and consequently the 5180 and 62H values of precipitation. For example, the Voronoi-polygon
for Trout Lake covers a significant portion of Lake Superior (57.4 percent; Figure 2-6). However,
westetly and north-westerly winds control air mass advection in the region (Figure 1-22); therefore, this
station may not represent precipitation over Lake Superior.

Another approach is attempted applying a Cressman-type (1959) correction technique to a stepwise
regression model at a monthly time step. To accomplish this, monthly mean 8180 and 82H values are
computed for each precipitation monitoring station. Data are presented are Table 2—6.
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Next, a second-order polynomial fit is regressed for latitude and 5180 or 82H at a monthly time step

for all stations in the Great Lakes region (stepwise method inspired by works of Bowen and Wilkinson
(2002)). A 880 lapse rate of 0.21 per mille per 100 metres is added (Chamberlain and Poage 2000).
Sample regressions are presented in Figure 2-7. Utilizing digital elevation model data and latitude, a

monthly grid for the Great Lakes region is prepared following the latitude-altitude relationships presented

in Table 2—7.

b
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Figure 2-7 - Second-order polynomial fit between §180 and latitude (upper plots) or 82H and latitude
(lower plots) for stations in the Great Lakes region. Two months are shown here: January (left plots) and

September (right plots).

84



Table 2-7. Regressions for stations measuring isotopes in precipitation within the Great Lakes region.

8180 = a130'LAT2 + bigoLAT + c130°ALT + diso
82H = app LAT2 + bop LAT + o ALT + doy

Month 2180 biso C180 diso 2H ban con don
Jan 0.0401 -4.9322 -0.002 122.33 0.1756 | -25.7308 | -0.016 666.04
Feb 0.0098 -2.0201 -0.002 54.31 -0.0433 | -5.5234 -0.016 215.01
Mar 0.0536 -6.0040 -0.002 147.31 0.447 -50.1703 | -0.016 1249.43
Apr -0.0157 0.8666 -0.002 -16.88 0.0811 | -11.8099 | -0.016 296.39
May -0.3580 2.8029 -0.002 61.49 -0.7224 62.0280 -0.016 -1375.43
Jun -0.0013 -0.5280 -0.002 19.37 -0.1416 7.9745 -0.016 -117.16
Jul 0.0326 -3.5624 -0.002 86.88 0.2475 -27.5924 -0.016 688.77
Aug 0.0097 -1.4613 -0.002 38.78 0.1445 | -17.9033 | -0.016 461.82
Sep 0.0253 -2.8779 -0.002 69.27 0.5050 | -50.4729 | -0.016 1181.51
Oct 0.0021 -1.0105 -0.002 31.13 0.6449 | -65.4261 -0.016 1557.31
Nov 0.0016 -1.1419 -0.002 34.72 0.2112 | -28.3025 -0.016 750.64
Dec 0.1235 -12.1999 -0.002 280.56 0.7738 -78.4132 -0.016 1831.18

* Units are decimal degrees for latitude and metres above sea level for altitude (ALT)

Finally, the regressions in Table 2—7 are plotted as gridded data within the Great Lakes region.
However, a final step is required to correct for localized differences in 180 /1O and 2H/'H in
precipitation. Cressman (1959) analyses apply a correction on the basis of inverse distance radius of
influence and have been applied to successfully map stable isotopes in precipitation in previous works of
Birks et al. (2002). The approach requires an initial estimated value that is then corrected to nearby points
of a known value (in this case these are monitoring stations for isotopes in precipitation).

8,, = 8(LAT,ALT),, +C,, (19)

where 8 is a Cressman-type corrected value for month i and grid cell j. 8(LAT,ALT);; is the result of
the empirical formulae presented in Table 2—7 for values of 580 or 82H. Cj; is the Cressman (1959)
correction applied to S(LAT,ALT);; to calculate an appropriate value of 8'80;; or 8°H;; and is defined as:

R’-D,,
3o {(sk —8(LAT,ALT), )- R2+Dk)
C.= - (20)

1,] n

k

where 8y is the average value of 880 or 82H for month i at any grid cell j. R is the radius of influence
that a measurement will extend to on the S(LAT,ALT);; grid, and Dy is the distance of any given grid cell
j to a measurement station k, and the analysis is completed for all measurement stations (ng). The
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Cressman approach and its application to stable isotopes in precipitation were reviewed by Bowen (2010).
The procedure is completed for the Great Lakes basin using a radius of influence of 500 km (a 500 km
buffer around monitoring stations provides each grid cell within the Great Lakes basin with at least one
influencing station). The resulting precipitation grids are presented in Figure 2-9 and 2-11.

Finally, an estimate for 5180 and 82H of over lake precipitation is calculated for each lake. Zonal
statistics are applied to the Cressman-type (1959) corrected grid to calculate the isotopic composition of
monthly mean over lake precipitation for each Great Lake and are reported in Table 2-8 and shown in
Figure 2-8. Zonal is referred to here as the statistics of a raster within a defined area (examples: a Great
Lake's catchment area, or the over-lake area of a Great Lake).
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Figure 2-8. Cressman (1959) corrected values for monthly 880 in HyO in precipitation. Monitoring
stations are presented as white squares. Greyscale is from 880 = 0%o (black) to 3180 = -30%o (white).
Months are numbered from one to 12 next to each subplot.
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Figure 2-9. Monthly deuterium excess (82H - 8-3180) computed using the correction method of
Cressman (1959) 82H and 880 grids of in H»O in precipitation. Monitoring stations are presented as
white squares. Greyscale is from 0 (black) to 12 (white). Months are numbered from one to 12 next to
each subplot.
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Two more approaches for estimating 5'80 and 82H in precipitation over the Great Lakes are taken
here for comparison against the Voronoi-polygon and Cressman approaches described eatlier. First,
values from a global stepwise regression approach (Bowen and Wilkinson 2002) are used to produce
zonal monthly mean 8'80 and 8%H in precipitation. This approach selected low altitude IAEA isotope
monitoring stations from around the world and produced a latitude-8'80 regression. Next, Bowen and
Wilkinson reported that high altitude stations plotted with significantly lower 8'80 values than the
latitude-8'80 relationship predicted. A second regression of the residuals from the 8'80O-latitude
relationship was plotted against altitude. This regression suggested a global 880 lapse rate of -2 per mille
per kilometre in elevation. The grids used here (Bowen 2009) have been further corrected using the
residuals of IAEA monitoring stations. Zonal means ate presented in Table 2-9.

Secondly, an inverse distance weighting interpolation is completed at a monthly time step using
precipitation monitoring station data from CNIP, USNIP and IAEA networks. Monthly 880 values are
displayed in Figure 2-11. Amount weighted values and monthly zonal means are presented in Table 2—
10.

Outputs for 580 monthly zonal means for each Great Lake are compared in Figure 2-10. The three
comparisons are drawn between the Bowen (2009) grids, the Cressman correction method and the
inverse distance weighting approach and are shown in Figure 2-10. Results for each monthly output are
displayed as a series of maps in Table 2-11.
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Table 2-11. 880 in precipitation. Scale shown for 5180 is -30 per mille (white) to O per mille (black).

Month

January

February

March

June

July

August

September

October

November

December

Cressman (1959) Inverse distance weighting Gridded monthly 3180
correction approach interpolation technique from Bowen (2009)
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Four approaches to estimating 8'80 and 82H of over lake precipitation are outlined in this section: (i)
Voronoi-polygon and precipitation amount weighting using CNIP/USNIP and IAEA monitoring
stations, (if) Cressman corrections applied monthly to a latitude-regression model based on CNIP,
USNIP and IAEA monthly mean values with an additional lapse rate (altitude effect), (iii) a global step-
wise regression model for 8180 in precipitation based on latitude and altitude corrected to interpolated
residuals (grids available from Bowen 2009; approach described in Bowen and Wilkinson 2002; Bowen
and Revenaugh 2003), and (iv) an inverse distance weighting interpolation of monthly mean 380 and
82H from CNIP, USNIP and IAEA stable isotope precipitation sampling stations. The amount weighted
8180 and 82H values for each of the five Great Lakes ate presented for the four approaches in Tables: (i)
2-5, (i) 2-8, (iii) 2-9 and (iv) 2-10. Results of amount weighted 3180 (Sp(aw)) and evaporation weighted
3180 (Sprw)) are shown in Figure 2-11. Precipitation isotope composition values input into the
calculation of E/T are an average of the Bowen (2009), 500km-radius Cressman-cotrected IAEA and
C(US)NIP data, and monthly inverse distance weighting of IAEA and C(US)NIP data.

I [ I
I I I
ONTARIO F A Qle
- B * a0
ERIE | » O
- £ N
MICHIGAN oo A
¢ e o a
HURON [ (0% 1] A O
SUPERIOR | A
® O P A O
l l | | | | l |
14 12 -10 -8 -6 AT -16 14 12 10 8
Bp(awy (%eSMOW) Sogem (hoSMOW)
A Inverse distance weighting
n Bowen (2009) zonal means
’ Cressman correction to latitude-3'°0 regression
O Voronoi polygons from CNIP, USNIP |AEA stations

Figure 2-11. Amount weighted (a) and evaporation weighted (b) precipitation 880 estimates from four
different approaches: (i) inverse distance weighting of monitoring station means (dark grey triangles), (i)
zonal means from an existing grid (Bowen 2009; grey squares), (iii) a monthly latitude-8'80 regression
model corrected using the Cressman (1959) approach (black diamonds) and (iv) Voronoi-polygon area
and precipitation amount weighting using existing monitoring stations (white circles).

2.2.2.2 Flux-weighted isotope composition of intra-basin runoff (drrw)) to each Great Lake

A calculation of the intra-basin water input to each Great Lake - river inputs - is calculated here. This is
an important hydrological component of each Great Lake. A value of Srrw is used afterwards within
Chapter 2 to calculate the isotope composition of water inputs to each Great Lake. The isotope
composition of water inputs to each Great Lake is a direct input to the calculation of evaporation by a
stable isotope mass balance.
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Data for rivers in the Great Lakes basin from Kendall and Coplen (2001) are presented in section
2.1.1. As mentioned in that section, between three and 30 % of each Great Lake's total runoff flux is
explained by this dataset (Superior: 2.8 %, Huron: 1.7 %, Michigan: 30 %, Erie: 27 %, Ontario: 30 %.).
For Lakes Michigan, Erie and Ontatio the isotope composition of runoff is reasonably well constrained
by this survey (all ~30 %). For Lakes Superior and Huron this is likely not the case (<3 %). Furthermore,
since this survey is a United States initiative, the majority of samples are collected in the southern (often
leeward) portions of each Great Lake basin; this potentially biases the sampling network.

As a solution, the zonal means of amount-weighted annual Spaw) for each catchment sampled within
the Great Lakes basin have been calculated. These are compared to outputs from the Kendall and Coplen
(2001) datasets to evaluate the representativeness of Spaw grids for streamflow. Areas used to compute
zonal statistics are presented in Figure 2-12. Results for each sampled drainage area in Figure 2-12 are
presented in Table 2—12.

A comparison of stable isotope compositions of gridded amount-weighted precipitation (Spaw)) and
flux-weighted river discharge (8rgwy) is completed next. This discrepancy analysis will be useful for E/I
calculation sensitivity analyses.
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Figure 2-12. Sampling stations and associated drainage areas used to compute zonal means for grids of
3180 and 82H in precipitation (Spawy).

In general, gridded precipitation 8'¥Opaw) is shown to be representative of flux-weighted 8'8Orrw) of
the catchment it is deposited within to £1 per mille (Table 2—13). The Cressman corrected latitude-
regression technique predicts higher 8180 values within a rivet's sample catchment than calculated flux-
weighted 8180grgw) values in most cases (average of 1.5 %o higher, 16 = 0.9 %o). This is likely a product of
the lapse rate that was artificially added to a latitude-8'80 regression that already encompasses altitude
effects (the northern Lake Superior basin is also at the highest elevations, Figure 1-17). Zonal means
from Bowen (2009) also predict higher 3'8Orrw) values by 0.8 %o on average (1o = 0.9%0). Zonal
3180p(aw) means from the inverse distance weighting approach predicts results that are lower than
8180wy by 0.4 per mille on average (1o = 1.1%eo). Variations (X1 ) in the computation 82Hgew) —
8?Hpaw for the three gridded approaches are: 2.5£8.7 %o, -5.626.0 %0 and -8.7£6.0 %o for the IDW,
Bowen (2009) and Cressman grids respectively.

A convex hull (area plot surrounding outermost points in a group) was created for each of the six
sampling blocks of an Environment Canada lake survey (Figure 2-12). Small lakes undergo sutface
evaporation during the open water season (summertime). This produces a heavy oxygen- and hydrogen-
isotope enrichment that skews the use of isotope compositions of lake waters as indicators of the isotope
composition of runoff. Zonal mean Spuw) from gridded values are 2 to 3 %o lower than the average 31850
values for each of the six lake blocks (10 to 20 %o lower in 82H), likely produced by surface evaporation
and heavy isotope enrichment as is suggested by low d-excess values. However, this discrepancy is much
smaller if the lake within each sampling block with the lowest 8'80 value is selected instead of computing
an average (Table 2—12).
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Overall, a river catchment's zonal mean of gridded amount-weighted precipitation captures the flux
weighted river discharge within 1%o in 880 and 6%o in 62H. To produce a basin-wide estimate of flux-
weighted isotope composition of river runoff, gridded Spaw) catchment means 8'80 and 82H values in
precipitation for the terrestrial catchment of each Great Lake is computed (not including Great Lake
area). The average discrepancy for each grid cell to the resulting zonal mean estimates for 3'8Ogw) and
82Hrw) (8180 presented in Table 2—13; 62H stated in previous paragraph) are added. Results of these
estimates for the flux-weighted isotope composition of runoff into each Great Lake are presented in

Table 2—-14.

Table 2—-14. Srrw) values for each of the Great Lakes derived from three grids

3180 (%0 SMOW) 82H (%00 SMOW) Deuterium-excess

Lake
IDW CRES BOW IDW CRES BOW IDW CRES BOW

Superior | -12.3 -12.4 -12.2 -89.8 -87.6 -78.1 9.0 11.9 19.9

Huron -11.0 -11.1 -11.0 -75.1 -75.3 -63.0 12.7 13.6 249

Michigan | -10.1 -10.1 -10.0 -69.1 -09.4 -55.5 11.8 11.3 24.6

Ontario | -10.1 -10.5 -10.8 -67.7 -72.1 -61.4 12.8 11.5 247

Erie -9.3 -9.3 -9.5 -62.8 -63.1 -51.7 11.9 11.5 24.0

The agreement in 3180 between the three approaches presented in Table 2—14 is within 0.5%o in all
cases except for one (Lake Ontario: Bowen (2009) and inverse distance weighting). Agreement in §2H is
also very promising. The Bowen (2009) grid produces very large deuterium excess values for the Great
Lakes region and therefore the values of 82H do not match with the other approaches as close as the
inverse distance weighting and Cressman correction approaches match (within 5 per mille in all cases, and
<1 per mille for three of the five lakes). An average of the outputs in Table 2—14 from the three grids is
assumed to represent the amount weighted isotope composition of intra-basin runoff to each Great Lake.

2.2.2.3 The isotope composition of hydrologic inputs to each Great Lake: 9

All hydrologic inputs to each Great Lake (connecting channel inflows, direct precipitation and runoff)
must be weighted according to their respective fluxes in order to develop a representative value for the
input to each Great Lake (31, Equation (10)). The development of appropriate 880 and 82H values for
the net input to each Great Lake from amount-weighted precipitation (8paw)) and connecting channel
inflow (8v) and intra-basin river inflows (3r) has been presented previously. Here, we will present the
magnitude of runoff, direct precipitation and connecting channel inflow to each Great Lake. The three
fluxes and their respective 3180 and 82H values are used to produce an estimate of the values of both
3180 and 62H for the net hydrologic input to each Great Lake.

Amount weighted values for 5180 and 82H in direct precipitation falling on each Great Lake were
presented previously (Spaw), Section 2.2.2.1). In summary, four approaches were taken to estimating a
representative value of dpaw) for each Great Lake. The results are shown in Figure 2-11a. The long-term
direct precipitation falling on each Great Lake is calculated as an average of the GLERL (T. Hunter,
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personal communication) and the USGS (Neff and Nicholas 2005) reported fluxes (Figure 1-24 and 1-
25). The direct precipitation flux for the period of one residence time prior to the sampling date are
chosen for Lakes Huron, Erie and Ontario.

The isotope composition of connecting channel inflows (3v) is the only remaining flux to be presented,
as 8180 and 82H values for direct precipitation (Section 2.2.2.1) and runoff (Section 2.2.2.2) have been
formulated. Connecting channel inflows are assumed to be well represented by the isotope composition
of an upstream Great Lake (8u = Srwpstream). Since the 880 and 32H values of lake waters are not
stratified (as shown in Chapter 3) this is a reasonable assumption.

du is straightforward for lakes with one connecting channel inflow, assuming negligible evaporation
occurs between upstream lakes and discharge into a lower chain lake compared to evaporation over the
upstream Great Lake. A representative value for the upstream Great Lake is chosen for 8y for Lakes Erie
and Ontario. However, for Lakes Michigan and Huron the setting is more complicated.

Lake Michigan and Lake Huron exchange water between both bodies at the Straits of Mackinac. The
estimated fluxes for these exchanges are similar to that of the St. Mary's river, which flows from Lake
Supetior to Lake Huron. Lake Huron is estimated to add 36 km3/yr to Lake Michigan by diffusion
(calculated by Chapra et al. 2009). It is currently uncertain whether these waters fully mix and enter the
Lake Michigan reservoir before flowing back into Lake Huron (Chapra et al. 2009), although isotopic
tracers may be a useful technique to test this. Existing estimates of flow from Lake Michigan to Lake
Huron generally fall between 45 and 50 km3/yr (Powers and Ayers 1960; Saylor and Sloss 1976). Lake
Huron's connecting channel input is two fold as it receives 45 to 50 km?3/yr from Lake Michigan and
~6717 km3/yr from Lake Supetior (Neff and Nicholas 2005). These two inputs are weighted against
each another using 3180 and 82H values for Lake Michigan and Lake Superior to produce a value of 8y
for Lake Huron. The isotope composition for upstream lake inflow to each of the Great Lakes (5v) is
presented in Table 2—15.

Table 2-15. Isotope composition of connecting channel inflows to each Great Lake: 8y

. 18 2
Lake Upstream Lake(s) C?;lggi??kgn:?/ii;d (%oSSI\SI)CL;\W) oo SSI\IZII;\Y/)
Superior - - - -
Huron Superior, Michigan 67,45 -7.50 -57.0
Michigan Huron 36 -7.07 -53.8
Erie Huron 168 -7.07 -53.8
Ontario Erie 184 -6.76 -51.2

Next, the flux weighted isotope composition of waters that enter each Great Lake (81) is calculated.
Equation (1) - which weights runoff, direct precipitation and upstream hydrologic inputs against one
another - is applied to accomplish this. The calculation and outputs are presented for each Great Lake in
Table 2-16.
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Table 2-16. Flux weighted 3180 and 82H to each Great Lake.

* * — —~
2 -] 5 :E [l ? i%j I~ § § § f
= o | o | = 2| e | %
o % © ©
Supetior - 63.6 | -11.02 | -77.8 | 442 | -1230 | -852 | -11.5 | -80.8

Huron 112 | -750 | -57.0 | 523 | -9.65 | -669 | 484 |-11.03 | -71.1 -8.8 -62.7

Michigan 36 -7.07 | -53.8 | 54.8 | -7.53 | -53.2 | 35.8 | -10.07 | -64.7 -8.1 -56.6

Erie 168 | -7.07 | -53.8 | 23.0 | -9.24 | -58.8 19.1 | -10.47 | -67.1 -7.6 -55.6

Ontario 184 | -6.76 | -51.2 | 163 | -840 | -51.7 | 34.0 | -9.37 | -59.2 -7.3 -52.4

* 3180p@w) value is an average of Bowen (2009), IDW, and Cressman-corrected (1959) IAEA, C(US)NIP

2.2.2.4 Physical climate parameters: relative humidity, air temperature, lake temperature

Physical climate data for over-lake conditions is available from gridded North American Regional
Reanalysis dataset (NARR; Mesinger et al. 2000). The outputs from these grids are verified against
monitoring buoy data INOAA 2011). An example of outputs for Lake Superior is presented in Figure 2-
13. Monthly NARR air temperatures match those recorded at monitoring buoys within a few degrees
Celsius. However, the NARR outputs produce lower winter temperatures than monitoring buoys, and
higher summer temperatures. Relative humidity zonal means for Lake Superior from NARR grids are
lower than over lake monitoring buoys by five to ten percent, likely a product of over-lake humidity
build-up as the lake evaporates (whereas the NARR grid output presented in Figure 2-13 is a zonal mean

that includes near shore data).

Temperature and relative humidity data are inputs for the calculations of a liquid-vapour stable isotope
equilibrium fractionation factor (a*), a kinetic separation factor (ex), ultimately leading to the calculation
of the isotope composition of the net lake evaporate (8g) and from the an estimate of the lake

evaporation flux.

In order for an appropriate value for air temperature and over lake humidity to be entered into the
formulation of 8, these parameters must be weighted to seasons where evaporation is occurring. To do
so, the monthly mean values for air temperature, lake temperature and relative humidity are calculated
and weighted against monthly lake evaporation from the Great Lakes Environmental Research
Laboratory's lumped parameter heat storage and surface flux evaporation model outputs. Monthly mean
air and lake temperatures and relative humidity for each Great Lake are shown in Table 2—17.
Evaporation weighted climate parameters ready for input into evaporation calculations are presented in

Table 2—18.
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Figure 2-13. A comparison of zonal means and standard deviations of gridded North American
Regional Reanalysis (Mesinger et al. 2006; grey diamonds/squares; data for 2m above surface) and long-
term means for National Oceanic and Atmospheric Administration over lake monitoring buoys (black
lines and error bars). The following parameters are compared: (a) relative humidity and air temperature
data, (b) air minus lake temperature and (c) lake temperature. Error bars show £1o from long-term mean

value.
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Table 2-18. Evaporation weighted climate parameters for each Great Lake.

Lake Relative humidity (%) | Air temperature (°C) | Lake Temperature (°C)
Superior 75.2 0.3 4.9
Huron 78.5 6.5 6.4
Michigan 75.5 5.8 9.0
Erie 74.4 11.8 15.0
Ontario 76.4 6.5 9.4

A review of required data for this study of Great Lakes waters is complete. The E/I calculation input
parameter 8y is presented for each lake in Table 2—16. Physical climate inputs are shown in Table 2—18.
All required data for a calculation of 3g are presented in this review, and a calculation can now be
completed following the procedure outlined in Section 2.2.1. Results are presented next (Chapter 3).

106




Chapter 3

Results and Discussion

This section presents 880 and 6?H in waters sampled in the Great Lakes basin (Section 3.1). These are
compared to other analytes measured during the cruises of the Great Lakes. Semi-quantitative
interpretations of water parcel mixing, stratification and seasonality in evaporation are discussed. Next,
results for evaporation modelling by a stable isotope mass balance model are presented for each Great
Lake simultaneously matching outputs from two conservative geochemical tracers (80O and 2H; Section
3.2.1). Uncertainty and calculation sensitivity analysis is completed to assess error associated with the
calculation for each of the Great Lakes (Section 3.2.1).

3.1 '®0/'0 and 2H/'H ratios in Great Lakes waters and the regional water cycle

A new dataset of 180/1¢O and 2H/'H in the North American Great Lakes is presented here. The
Environmental Protection Agency collected 514 samples of water from the North American Great Lakes
during two sampling campaigns in spring and summer of 2007. Samples were collected at surface, mid
depth(s) and within ten metres of the sediment-water interface at 75 over lake stations. 8'80 and 6?H
values for each of the Great Lakes are presented in Figure 3-1.

First, results are compared to previous isotope investigations of Great Lakes waters. The waters of the
Great Lakes are fairly homogenous over time, reflecting the long basin residence time (roughly a
century).. Deuterium concentration data is plotted for the Great Lakes in Figure 3-2. Two of the eatly
publications (Friedman et al. 1964; Brown 1970) may be subject to analytical uncertainty or sampling bias
(single result reported for each Lake. The observed isotopic-homogeneity provides an opportunity to
assess the long-term hydrologic operation for each Great Lake. This is an advantage of the isotopic
approach over conventional means, since the latter are subject to interannual variations in precipitation,
ice-cover and physical climate that effect processes such as evaporation and water inputs. Further, these
approaches are limited to periods where sufficient data has been collected to estimate evaporation,
whereas the isotope approach integrates the long-term signature of the lakes within the residence time of
each. This time-frame surpasses the physical climate data record for Lake Superior, providing a glimpse
into the Lake's long-term behaviour.
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0.982), Great Lake waters (solid line; 62H= 7.90-8180 + 2.49, n = 514, R2 = 0.979), and wotld oceans
(Schmidt 1999; Bigg and Rohling 2000; Schmidt et al. 1999; §2H= 7.23-8'80 — 1.54, n = 1362, R? =
0.980). Three points for Lake Erie are plotted separately as grey circles.
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Table 3—1. 880 and 8%H results for samples of the North America Great Lakes

_— Samples analyzed Average | Average | 1o | 1o
Spring Summer Total 8150 6°H 6150 | &2H

Superior 80 60 140 -8.62 -65.8 0.07 | 0.88
Huron 60 45 105 7.07 -53.9 0.09 | 0.69
Michigan 44 36 80 -5.83 442 0.06 | 0.47
Erie 63 63 126 -6.65 492 028 | 236
Ontario 36 27 63 6.57 49.1 0.08 | 0.46

Next, we examine variations in 8'80-82H space. Figure 3-1 shows results of §180 and 62H analyses
for Great Lakes waters. The Great Lakes plot along a trajectory that is subparallel and offset from
meteoric waters, similar to present day oceans (Schmidt 1999; Bigg and Rohling 2000; data available from
Schmidt et al. 1999: slope 7.23) and also to several of the wotld's major tivers (Mississippi: 8180-62H
slope of 7.6, Kendall and Coplan 2001; Amazon: 8'80-8%H slope of 7.7, Longinelli and Edmonds 1983;
Mackenzie: 3180-8%H slope of 7.0, Yenisey: 5180-62H slope of 7.0, personal communication, Y. Yi; Yi et
al. submitted).

The offset from the meteoric water line is a product of kinetic isotope effects resulting in an 80 and
2H enrichment during evaporation for the Great Lakes (Craig 1961). 380 and 62H values progressively
increase from headwaters (Lake Superior) to the lowermost lake (Ontario) with the exception of Lake
Michigan (Figure 3-1). The range in 5180 and 82H values is very small for Lakes Superior, Huron,
Michigan and Ontario. Results for Lake Erie show the largest range in 8'80 and 3?H of all the Great
Lakes; values for Lake Erie plot between Lake Huron (upstream) and Lake Ontario (downstream).
Average and standard deviation for 880 and 6?H values of the Great Lakes water is presented in Table
3—1. Lake Michigan waters have the highest concentrations of 1¥O and 2H of all the Great Lakes. The
average 8180 value is 1.2 per mille higher than the average value for Lake Huron. This is significant, as
the two lakes share a similar lake level and are considered as one body in some hydrological studies (Neff
and Nicholas 2005). Stable isotopic ratios in water show that the water in Lake Michigan is distinct from
Lake Huron waters, supporting separate treatment of Lake Michigan and Lake Huron in water balance
studies. The distinct isotopic-separation of these water bodies may provide insights into the magnitude of
exchange between these lakes.

The 82H/8180 slope of 7.90 found for a regression of all Great lakes samples analyzed deserves further
consideration (Figure 3-1). Predicted 62H /8180 slopes for lake systems at this location are close to a value
of five (Gibson et al. 2008). This is shown to be true for 8180 and 82H analysis of 312 small lakes in the
Lake Supetior region in Figure 3-3 (82H/8'80 slope of 5.14, Rz = 0.85). However, evaporation from
small lakes is limited to a shorter ice free season than the Great Lakes due to a much lower thermal
inertia. Therefore these lakes are exposed to a different climate during evaporation. Differences in
hydrological operation between large and small lake systems is an important consideration for isotopic
investigations. Differences between large and small lake systems include lake effects on the atmosphere,
the degree of stratification and mixing, and the effects of thermal inertia (reductions or seasonal delays in
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ice cover for larger lakes). A large amount of evaporation from the Great Lakes is expected to occur
during the winter months while the Great Lakes remain ice-free. However, winter evaporation is
inhibited by a shielding ice cover for smaller systems. Despite these expected differences, the 82H-5180
slopes of regional lake systems are a useful comparative tool for larger systems, and fall along a slope
similar to that of Lake Superior (5.3; Figure 3-3).

GREAT LAKES

8°H (%0 SMOW)
&
o
|

80
i PPN SMALL LAKES IN
[ oA GREAT LAKES REGION T
[ ! ! L,
_1 OO L L 1 L L 1 L 1 1 1 1 1 1 L 1 1 L L
-14 -12 -10 -8 -6
§'%0 (%o SMOW)

Figure 3-3. 8180 and 82H values for 312 lakes ranging in size from <1 to 100 square kilometres (white
circles). A regression of all 312 lake values is shown as a thick grey line (82H = 5.14-8'80 — 25.5; R? =
0.852). 61 and 8. for all five Great Lakes are connected by thick black lines.

However, a regression of 5180 and 82H of waters from all the Great Lakes (n = 514) plot along a
significantly higher slope (7.90) than smaller lakes in the Great Lakes region (5.14) as shown in Figure 3-
3. This is interpreted as a result of continuous inputs of meteoric waters via streams and direct
precipitation into each Great Lake, in addition to evaporation losses. If no additional water was added to
the chain lake system as it proceeded downstream (Superior to Huron to Erie to Ontario) then Great
Lakes waters would be expected to plot along a slope close to a value of five. The same effect controls
the slope of oceanic waters and rivers, made evident by similar §'¥O-8%H regressions for the oceans in
comparison to the Great Lakes (Figure 3-1). This interpretation is qualitatively presented in Figure 3-4.
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Figure 3-4. 3180-8%H schematic of a chain lake system - such as the Great Lakes - or most river
systems. An upstream lake (or river sampling station) is shown as a white circle. A downstream lake (or
river sampling station) is represented by a white triangle. Between the two stations two dominant
processes affect the signature of the river or chain lake system: (1) evaporation (thick black arrow; refers
to evaporation both over lake/river and within the catchment intermediate to the sampling stations) and
(2) water inputs from catchment runoff (and groundwater discharge if significant to the water budget),
and direct precipitation that falls on the river- or lake-surface between the sampling stations (labelled
black circles). Flux-weighting the isotope compositions of direct precipitation (8p), catchment runoff (8r)
and the upstream lake outflow (or upstream river gauging station) produces a weighted input isotope
composition for the downstream sampling station. The relative proportions of hydrologic input to
evaporation losses control the isotope composition of the downstream lake or river sampling station.
This schematic shows different evaporation slopes (dashed grey lines) for the upstream and downstream
stations to reflect the geographical separation between river stations or chain-lakes, that produces varying
climatic conditions for each river reach or lake and in turn determines the evaporation slope. A grey
dotted line shows how these processes could produce a river- or chain-lake- regression that falls
subparallel but offset (below) that of meteoric waters (shown here as a black dotted line). The relative
positions of isotope compositions and evaporation trajectories portrayed in this schematic is not
applicable to all rivers; however, the governing concepts shown are applicable to all chain-lake and river

systems.
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The schematic presented in Figure 3-4 shows how a chain-lake or river system with multiple sampling
stations may plot subparallel to meteoric waters in 3'%0-82H space. The trajectory that a river or chain-
lake system plots along is dependent upon atmospheric conditions (humidity, temperature. isotope
composition of water vapour), the degree of evaporation of catchment waters prior to input into the
main channel, the isotope composition of precipitation along a particular reach, and the relative
proportions of evaporation losses to catchment water and direct precipitation inputs. The isotope
composition of inputs is shown as a flux-weighted mixture of the isotope compositions of upstream
discharge, direct precipitation, and catchment runoff (including groundwater discharge, if significant to
the water budget). These three input components form a triangle, with the flux-weighted input value
plotting within the triangles boundaries. The position of the flux-weighted input is - by definition -
weighted to the isotope composition of the flux with the greatest input and will plot nearest to the input
with the greatest flux.

For the Great Lakes, evaporation losses are expected to be roughly 25 to 50 percent of the magnitude
of runoff and direct precipitation, although the uncertainties associated with each of these are large (up to
45%). Water entering each Great Lake via precipitation and runoff is assured to be larger than water
exiting the system, since connecting channel inflows entering each Great Lake are less than connecting
channel outflows. The different is runoff + precipitation - evaporation, and is referred to as net basin
supply in earlier studies (Neff and Nicholas 2004). Since more water enters by streams and precipitation
than are exported by evaporation losses, it is reconcilable that the slope of all Great Lakes waters plots
subparallel to meteoric waters and not along a slope of five as is expected for a system only undergoing
evaporation at this location.

Next, the distribution of stable isotopes within Great Lakes waters will be examined. Figures 3-5a to 3-
5e show an at-depth transect along the long axis of each Great Lake (east-west for Lakes Superior, Erie
and Ontario; north-south for Lakes Michigan and Huron). Colour contours display a third variable: 3180,
temperature or chloride concentrations. Spring and summer results are shown on the same page so that
seasonal variations can be distinguished. Consistent spatial patterns of 830, temperature and chloride for
all of the Great Lakes emerge from Figures 3-5a - 3-5e.
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Overall, stable oxygen and hydrogen isotopes in each Great Lake are faitly homogenous both spatially
and seasonally, with the exception of Lake Erie. Perhaps the most revealing result of at-depth transects is
shown by 8180 values and temperatures during the summer cruise. A thermally-induced density
stratification develops in the summer months for all Great Lakes (Figures 3-5a - ¢). This stratification
limits exchange between surface and deep waters to diffusion, largely removing water mass mixing.
Isotopic stratification is expected if lake evaporation is significant since summer epilimnion waters only
weakly exchange with underlying waters by diffusion and turbulent mixing and evaporated waters will be
depleted in the heavy isotopes of oxygen and hydrogen, thus enriching the remaining epilimnion waters.
Despite sampling in the late-summer (August) - and thus sampling waters that have had potential to
interact with the atmosphere for several months - a surface '¥O-enrichment is not apparent for any of the
Great Lakes. The lack of 180 /160 stratification in waters of the Great Lakes during the summer months
is explained by a very small evaporate flux during the summer. This result is supported by energy balance
evaporation estimates that suggest little evaporation occurs during the warm, humid summer months
(Croley 11 1989).

At-depth 8180 transects also provide information on Lake Michigan and Lake Huron exchange. Lake
Michigan-Huron are treated as a single lake in some works (Neff and Nicholas 2004). Isotopic results for
waters in Lake Michigan and Huron show that these two water bodies are isotopically-distinct, in addition
to their geographical separation. Furthermore, a large flux of water is proposed to migrate through the
Straits of Mackinac that connect the two water bodies. The flux into Lake Michigan is proposed to be
36km3/yr. However, Schwab et al. (2005) point out that it is unclear whether the water entering Lake
Michigan actually integrates with into Lake Michigan, or if it simply mixes in the Straits of Mackinac and
is advected back into Lake Huron. 180 is a conservative tracer of water masses, and unlike chloride does
not have an important anthropogenic component in the Great Lakes basin. From at-depth profiles, the
isotope composition of Lake Michigan appears to be faitly homogenous, and an overwhelming isotopic
signature of Lake Huron waters (more 180O-depleted than Lake Michigan's) is not evident. This result
suggests that Lake Michigan-Huron water exchange may not fully integrate into the downstream lake,
with important implications for residence and flushing times for the Lakes, particularly Lake Michigan
that does not have a direct connecting channel inflow.

As mentioned in the above paragraph, chloride is a hydrophilic anion and is sometimes a useful tracer
of water parcel advection and mixing in absence of - or with consideration of - artificial sources. Like
8180 and 82H values, chloride levels are found to have a reasonably consistent spatial and seasonal
distribution within each Great Lake. The Great Lakes use of chloride as a water balance tracer is lessened
due to additions from road salts (NaCl, CaCl solutions) and possibly from water softeners in the Great
Lakes basin (Chapra et al. 2009). Chloride concentrations are highest in the lower Great Lakes where the
average population density is higher (Michigan, Erie, Ontario). A cross plot of 3180 values against
chloride (Figure 3-6a), sodium (Figure 3-6b), calcium(Figure 3-6¢), and magnesium (Figure 3-6d)
concentrations in Great Lakes water samples is shown in Figure 3-6. 5§180-Mg?* concentrations show a
linear trend for all Great Lakes samples (R? = 0.954). Mg?" is not added in the same large quantities as
sodium, chloride and calcium are for road de-icing applications (in the forms of halite - NaCl - and CaCl
solution). Regressions for 880 against (Ca?"), (Na*) or (Cl) show lower correlation values (R? = 0.90,
0.68 and 0.58), reflecting an additional source of these solutes such as road de-icing materials, water
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softeners or natural groundwater discharge from Paleozoic formations that crop out in the lower Great
Lakes.

Temperature is the most seasonally and temporally variant of the three parameters shown in Figure 3-
5a - 3-5e (8180, chloride concentration and temperature). All five of the Great Lakes develop a thermally-
induced density stratification in summer (density is a function of temperature; density transects for each
Great Lake in spring and summer are available in the appendices). The depth of this epilimnion layer
reaches 15 to 25 metres. Temperature also shows an east-west variation in Lake Erie waters. Waters to
the west are warmer by roughly three degrees than those in the eastern part of the basin in the spring.
This could reflect latent cooling during evaporation as the waters proceed downstream (east).

The combination of temperature and 8'80O measurements at-depth is shown here to successfully assess
a lack of both summertime evaporation and metalimnion-epilimnion mixing in the Great Lakes. This
sampling technique could be applied to other large surface waters and may be the least expensive method
available to assess seasonality in evaporation rates for certain lakes. This is especially significant when
considering logistical difficulties associated with establishing numerous physical climate monitoring
stations over large areas of open water, and that near-shore sites are subject to annual freeze-thaw cycles.

Depth-8'80 plots highlight the vertical homogeneity of the Great Lakes. The homogenous isotope
composition of the lakes' water is produced by seasonal overturn (spring and fall seasons), coupled with
very low evaporation during stratified seasons (summer). Data for ten other lakes and semi-enclosed or
endorheic seas are shown in Figure 3-7 to highlight at-depth changes in 8'80 for lakes that are perennially
stratified. Perennially stratified lakes shown are Lake Tanganyika and Lake Kivu. The Great Lakes plot in
a similar fashion to other large lakes that undergo seasonal mixing such as Lake Garda, Italy (data from
Longinelli et al. 2008). Lake Erie's surface 8'80 values are slightly more 18O-depleted than deeper waters.
This is the result of mixing in the epilimnion with catchment runoff and inputs from Lake Huron by the
Detroit River. Two of Lake Ontario's most 18O-enriched samples are located at the sutface. These may
reflect localized water mass stagnation during the evaporation season, which would impart an 180-
enrichment via isotope effects during evaporation.
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Figure 3-6. 3180- (a) Chloride, (b) Sodium, (c) Calcium, and (d) Magnesium cross plots for the Great
Lakes. Stipple matks a deviation from a linear trend in the upper Great Lakes (solid line), perhaps
induced by the prolonged addition of road de-icing materials (halite, CaCl solutions). (e) A ternary plot of
major cation concentrations (milliequivilents per litre) is shown in (e).
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Figure 3-7. Depth-8'80 plots for large lakes and semi-enclosed or enclosed seas. The lowermost row
of plots shown data from the Great Lakes (this work). The isotope-composition of the Great Lakes are
relatively homogenous at depth, with the exception of Lake Erie that shows variability in 8180 values at

depths <10 metres. Also, the highest 8!80 values in Lake Ontario are at the lake's surface. For other
water bodies, surface waters are either more concentrated in 8O than deep waters (Lake Kivu,
Mediterranean Sea); or, 80 is more concentrated at depth than at the surface (Tanganyika, Caspian Sea,
Baltic Sea, Lake Koycegiz).
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3180, temperature and chloride concentrations in Lake Erie show the greatest seasonal and spatial
variability of all the Great Lakes. Spring results show east to west differences in all parameters. Waters in
the western portion of Lake Erie (ER-59, -60, -61) are characterized by: 8180 = -7.2 %o, T = 3.4 °C and
(Cl) = 11 mg L1, In the easternmost Lake Erie waters (ER-09, -10, -FO) 880 values are higher (5180 =
-6.6 %o0) temperatures are lower (T = 0.5 °C) and chloride concentrations are higher ((Cl) = 18 mg L!).
The observed temperature decrease from west-to-east in Lake Erie may be a result of latent effects
imparted during lake evaporation, or input of runoff and precipitation with temperatures lower than Lake
Erie's. At the southernmost Lake Huron station (HUOG) these parameters are : 80 = -6.9 %o, T = 0.8
°C and (Cl') = 7.1 mg L. Therefore, the waters found in western Lake Erie in springtime are similar to
those of southern Lake Huron, but have higher chloride concentrations, higher temperatures and slightly
lower 8180 values. This may be explained by an addition of runoff between Lake Huron and Lake Erie
along the St. Clair and Detroit Rivers (runoff with elevated chloride concentrations - potentially from
road salt - and lower 880 values compared to Lake Huron's). A tabular synoptic profile from Lake
Huron to eastern Lake Ontario is presented in Table 3-2.

Table 3-2 - 3180, temperature and chloride concentration from Lake Huron to Lake Ontario

Western Lake Eastern Lake Western Lake Eastern Lake
Southern Lake . . . .
Furon (HUOG6) Erie (ER 59, 60, Erie (ER 09, Ontatio (12, 25, | Ontatio (60,
o 61) 10, FO) 33M) 63)
Spring / Summer average values shown
B1O 6.92 08 15/ -6.79 6.5 6.48 6.61 / -6.49 6.61 / -6.55
-6. -7. -7. -6.7 -6.57 / -6. -6. -6. -6. -6.
p— / / / / /
T
em?gmre 0.8/ 15.0 3.4 /255 0.5/ 17.6 27/10.8 17 /131
Chlori
oride 71/7.0 10.8 / 10.2 18.0 /17.8 219/223 20.3 /228
(mg L)

The isotope composition of Lake Erie varies seasonally. Additionally, the offset of lake waters in §2H-
3180 space varies seasonally. The most '8O-enriched and H-enriched waters in Lake Erie are those of the
spring season (Figure 3-8). This is interpreted to be the heavy isotope enrichment signal of elevated
evaporation rates in the fall and winter seasons. Quadratic fits for both spring and summer results show a
negative coefficient for the squared term, demonstrating a greater offset from the meteoric water line for
high 880 and 8%H values (Figure 3-8). Spring season also shows the most 180- and 2H-depleted samples.
These results plot within the boundaries of Lake Huron results (dark grey area plot in Figure 3-8) and are
located in the western portion of Lake Erie; these may be Lake Huron waters that have not been exposed

to isotope effects associated with evaporation from Lake Erie.
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Figure 3-8. Stable isotope composition and seasonality of Lake Erie waters. Spring samples are
presented as white triangles, summer as dark grey diamonds. The isotope composition of Lake Huron
(upstream of Lake Erie) is presented as a dark grey area plot; that of Lake Ontario (downstream) is
shown in light grey. Second order fits are shown for Lake Erie waters for spring (dark grey dashed line)
and summer (black dashed line) results.

As mentioned previously, stable isotopes in Lakes Michigan and Huron may contain information on
the magnitude of exchange between these lakes. Stations near the Straits of Mackinac (north in Figure 3-
5b, and Figure 3-5¢) in Lakes Michigan and Huron do not show an influence of the other lake in any
geochemical, temperature or nutrient data collected. Quinn (1977) suggested that an immense amount of
water exchanges between the two lakes (35 km? each year from Huron into Michigan), and used this
exchange to justify decreasing Lake Michigan's estimated residence time from ~100 yeats to 62 years
(Quinn 1992; 36 km?3/yr is roughly half the discharge of the St. Mary's River draining lake Supetior - 70
km?3/y). However, the assumption embedded in Quinn's calculation is that exchanging between Lake
Michigan and Lake Huron completely mixes with the waters in the downstream lake. Given that the
average fluxes between Lake Michigan and Lake Huron are comparable (Michigan to Huron flux is
higher), it is reasonable to suggest that waters simply mix in the Straits of Mackinac but do not integrate
into the downstream Great Lake's waters. The north-south homogeneity in isotopic data in Lakes
Michigan and Huron (Figures 3-5b and 3-5c¢) do not support complete integration of waters flowing in
the Straits of Mackinac.
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Additional isotopic examination of Quinn's (1992) assumption of integration for flows in the Straits of
Mackinac is derived from a sample analyzed for 180 /160 and 2H/!'H by Karim et al. (2008). This survey
collected a sample of surface waters in the Straits of Mackinac. The isotopic data for this point plots
intermediate to Lakes Huron and Michigan: 8'80 = -6.4 (GLB-66 from Karim et al. 2008; Lake Michigan
average 8180 is -5.83 and Lake Huron's average 8'80 value is -7.07 per mille). This value reflects a 1:1
mixture of Lake Huron and Lake Michigan water with lesser amounts of meteoric water as reflected by
the trajectory of the sample towards the meteoric water line (Figure 3-9). This sample is a mixture of the
two Great Lakes' waters. However, a sample of Lake Huron water collected less than 100 kilometres to
the east shows no indication of mixing with Lake Michigan waters, and instead shows a signature of
average Lake Huron water (Karim et al. 2008). Quinn (1977) proposes that the exchange in the Straits is
highest in mid-summer months. If this is the case, an isotopic or geochemical signature of Lake Michigan
waters in Lake Huron (and Lake Huron in Lake Michigan) samples is expected in the analysis of summer
samples. This is not reflected in the isotopic data shown here, suggesting waters flowing in the Straits of
Mackinac are not entirely incorporated into the "downstream" Lake.

LAKE MICHIGAN |

. g

e

STRAITS OF MACKINAC

-7.5 -7.0 -6.5 -6.0 -5.5

3"°0 (%o SMOW)

Figure 3-9. 8'80-82H plot showing the mixed sample collected from the Straits of Mackinac (large
white diamond; data from Karim et al. 2008; sampled 1D GLB-66). Lake Huron and Lake Michigan data
(this study) are shown as white squares and dark grey circles, respectively.

If the assumption of Quinn (1992) that flow in the Straits of Mackinac fully mixes with the incoming
Great Lake is removed, the residence and flushing times of both Lake Huron and Michigan increases.
Using the net outward flow from Lake Michigan into Lake Huron the residence time for Lake Michigan
is recalculated here. Two scenarios are used to produce a range of residence time values: (1) that flow
from Lake Huron to Lake Michigan does not fully integrate into Lake Michigan waters (2) that mixed
waters fully integrate into the opposing lake. There also appears to be some confusion between residence
time and flushing times in Quinn (1977), as Equation 6 in this publication uses only liquid outflows to
calculate the "residence time." This is instead referred to as a flushing time, since the calculation examines
only liquid fluxes and ignores vapour exchange via evaporation. Furthermore, no uncertainty analysis is
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shown in earlier residence and flushing time estimates; therefore, the errors associated with these
estimates are also unknown.

The residence time of each Great Lake is recalculated using both GLERL estimates, and using an
isotopic approach. For Lake Michigan, an evaporation estimate of 38112 km3/yr (GLERL long-term
average T1o) and a net outflow of zero of 51£30 km3/yr from Lake Michigan to Huron are applied. The
residence time (liquid and vapour fluxes) for Lake Michigan is between 29 and 106 years. The flushing
time (liquid fluxes only) time of Lake Michigan is between 42 and 239 years. The large uncertainties
associated with these estimates originate from large uncertainties associated with the mixing, outflow and
evaporate fluxes for Lake Michigan. The isotope and geochemical transect data suggest that the Huron to
Michigan water flux may be less than that 36km?/yr originally proposed (Quinn 1992),

It is possible to compute the residence time of a lake using an isotopic approach as first proposed by
Gibson and Edwards (2002). A lake's residence time can by computed by the relation: t = V-xg/1*(1/E)
where 1, V, xg/1 and E represent residence time, volume, E/T ratio and an estimate for the evaporative
flux. Alternatively, T may be calculated by t=V*[Q"(xg/q+ 1)]! where xr/qis calculated by an isotope
mass balance. The liquid outflow from the lake (Q) is known well for the Great Lakes (+5 to +15
percent) as it is measured daily therefore the second equation for residence time using xg/q catties the
lower certainty for lakes with a single gauged outflow. However, the amount of fully integrating exchange
of water is pootly known between Lakes Michigan and Huron. For these lakes - and others where the
liquid outflows are not well known - the form © = V-xg/1°(1/E) produces less uncertainty. Results for
physical balance and isotopically-derived residence times are shown in Table 3-3.

Table 3-3. Hydraulic residence (t) and flushing times (liquid flux only) for the Great Lakes.

) o = Ty = ¥ * o w .

s~ & £ |5 & = c = £ 9=
Superior | 12,100 | 71%11 | 49%13 69 (30-132) | 84-126 | 149-201 173
Huron 3,540 16425 39+10 16 (8-29) 12-21 15-25 21
Michigan | 4020 | 5130 | 38%12 | 0-36 | 27 (13-45* | 20-106 | 42-239 62
Erie 484 | 184%18 | 21%4 23(1535) | 21-26 | 24-29 27
Ontrio | 1,640 | 22044 | 1313 79317 | 68-73 | 73-76 75

* isotope mass balance calculation used large flux from Lake Huron from results of Quinn (1992)
** computed using GLERL values for E and Q
e+ E/T or E/Q values obtained by a isotope mass balance

The isotope-derived water residence time estimates are consistently lower than energy balance
estimates. As Horita (2008) describes, the isotopic approach

This result may be explained by recycling of evaporated moisture as over lake precipitation. This
"recycled" moisture is embedded within conventional hydrologic estimates, and is included in the total
evaporation flux estimates as calculated by these methods. The isotopic approach provides a different
perspective to large lake evaporation. Equation (3) sets up a water balance, where inputs are equal to
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outputs at a hydrologic steady state. This equation is used to set up the telationship for E/I by a stable
isotope mass balance. Howevert, since a portion of water leaving a Great Lake's surface is recycled as over
lake precipitation, this water is included in conventional estimates for both evaporation and direct
precipitation. This isotope approach only considers waters that are evaporated and advected from the
lake surface, as is defined by outputs in Equation 3.

3.2 Stable isotope mass balance: E/l for the North American Laurentian Great

Lakes

Here, calculation outputs of a stable isotope mass balance approach to estimating evaporation as a
proportion of inflow are shown. Equations used here are presented earlier in Section 2.2.1. Calculation of
isotopic, physical climate and hydrologic inputs to the calculation are presented in Section 2.2.2.

Calculation inputs are either stable isotope or physical climate data. Calculation inputs are: (1) a flux-
weighted isotope composition of all hydrologic inputs to a lake (31), (2) the measured isotopic
composition of lake water (31), the isotope composition of precipitation weighted to (3) precipitation
amount and (4) weighted to seasonality in evaporation, (5) the temperature of the lower troposphere, (6)
the temperature of waters at the surface of the lake, and (7) the relative humidity of the lower
troposphere (all of 5, 6 and 7 weighted to seasonality in evaporation). Here, results of the calculation
using the computed input parameters for each Great Lake (Section 2.2.2) and evaporation equations
(Section 2.2.1) are presented. Tabular results are shown in Table 3—4. Table 3-5 provides an explanation
for all parameters listed in Table 3—4.
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Evaporation as a proportion of inflow, as a first iteration, produces unrealistic and poor results (some
negative values). This is a product of poor accounting for lake effects on the overlying atmosphere into
the model, but also suggests that climate parameter inputs do not accurately describe the atmosphere that
the Great Lakes evaporate into. A second model iteration is completed that accounts for lake effects and
matches E/I value outputs for both 8O and 2H tracers following the procedure outlined in the methods
section (mixing of evaporate into the atmospheric moisture). A schematic showing the procedure taken is
shown in Figure 3-11.

To constrain both isotopes and mass, the da, air temperature and humidity parameters are modified in
accordance with an air mass advecting over a large water body and incorporating a certain amount of
evaporated moisture. Between 10 and 17 percent mixing of a saturated air mass with isotope composition
g - as defined by initial climate input estimates - is required to constrain E/I outputs for both oxygen
and hydrogen isotopes. These values are similar to previous estimates of evaporated moisture in
precipitation on the leeward shores of the Great Lakes. These estimates are 4.6 to 15.7 percent (Gat et al.
1994) and 9 to 21 percent for Lake Michigan (Machavaram and Krishnamurthy (1995).

The isotope composition of atmospheric moisture is influenced by the Great Lakes (Gat et al. 1994).
This is a well known phenomenon, and is the result of an evaporate signature that plots with a deuterium
excess value (Dansgaard 1964) greater than that of waters entering from outside the basin (allochthonous
sources). Upon condensation and deposition of vapour - which are governed mostly by equilibrium
isotope effects - the isotope composition of precipitation retains the - often elevated - deuterium excess
signature imparted by evaporated moisture. For large lakes and semi-enclosed seas that have a liquid
discharge (not terminal) this is the case for precipitation on the leeward part of the catchment (see Lake
Biwa, Japan - influence of Sea of Japan evaporate (Taniguchi et al. 2000) - is the only large lake to plot
above the global meteoric water line in Figure 1-2. As a lake loses a larger and larger proportion of its
water by evaporation the lake 8'%0 and &2H values increase along a slope usually between 4 and 6. As a
lake proceeds along this trajectory under a high-evaporation scenario, the deuterium excess of evaporated
moisture approaches that of meteoric waters. Therefore, the effect on the isotope composition of
atmospheric moisture is expected to be less significant for a terminal, non-chain lake that loses water only
by evaporation. In any case, the Great Lakes all have a liquid outflow and the isotope composition of
outgoing evaporated moisture from the lakes must be of lower 880 and 82H values and higher
deuterium excess values than that of input waters. This description is portrayed schematically in Figure 3-
10a. Note 84 is recalculated using values of 8g by rearranging Equation 16 to the form:

0 _[_1]‘ [(1_h+8K)(6E /1000)_(8L /10° _8*)/a1—v *+8K:|

h 107 (%o)

This is shown in previous works of Gat et al. (1994) and Machavaram and Krishnamurthy (1995);
however, these studies examine only summer precipitation in order to avoid complications from kinetic
isotope effects during ice crystal formation for winter. The authors' estimates of ~5 to 20 percent of
Great Lakes moisture in leeward precipitation seem rather high when compared to energy balance models
that produce near-zero values for the summer evaporation flux. This apparent difference between energy
and isotopic approaches may reflect moisture exchange between the atmosphere and the lake surface
without a net evaporation loss from the lake. However, if this exchange is large enough, then its signal
would be expected to be observed in epilimnion waters of the Great Lakes; this is not seen in at-depth
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transects shown in this work. Re-examination of precipitation datasets - that have been enhanced since
the work of Gat et al., and Machavaram and Krishnamurthy - may provide spatially resolved estimates for
the sources of atmospheric vapour on the region. Furthermore, the amount of Great Lakes moisture in
winter season lake-effect snowfall could be quantified if the kinetic effects during snow formation can be
decoupled from the expectedly higher deuterium excess values of Great Lakes evaporate. Winter
precipitation would be expected to show a larger amount of recycled Great Lakes moisture as the
majority of evaporation occurs during winter months.

No direct measurement of evaporate over the Great Lakes or of the free atmosphere is measured in
this study. However, Gat (2008) reports a value from the work of Vrooman (1948) for vapour over Lake
Ontario for 180 abundance of 0.97. Lake Ontario’s abundance is reported as 1.00. The meaning of
“abundance” is unknown; however, since Lake Ontario’s isotope composition is known (8180 = -6.57%o
SMOW) the “abundance” can be converted into per mille notation. Doing so, the §'80 value of the
atmosphere over Lake Ontario is -36%0 SMOW. Modelled values are close to -21%o. This work is dated,
and analytical techniques in isotope ratio mass spectrometry have advanced significantly since 1948.
However, this difference in modelled and measured atmospheric vapour isotope compositions calls for
in-situ measurement or over-lake vapour collection to test modelled outputs.

131



‘suoprsodwoos adojosy oxe[ oy pue Indur 93 UIMII] U] PI[OS € st pue suonisodwod adojost indur pue a1erodesd o UPIMIA]
SUI[ PaYSEp YJ¥[q B St UMOUS S PUE ‘Oul] uoneiodeAd Ue st umouy| st suonsoduwod 2do1osr 9591 SunoouTod Sul[ Y1 "UMOYSs o3¢ (J[SULLN) Xe[ I
pue (opoa12) sindur 21307103pAY ‘(a3enbs) a1e30dEAd JO (OgQ PUE HQ) stonsodwod adoiost oy, 'T/H JO BOREMITed ayd Jo dnewaydg (q) "(8194] SredD)
90U239J0F 303 PaNIO[d ST SI93BA DFOIIW JO TOISSIIAIT Y *(1Q = 4Q) 0400 ] = I/H 2FoYm omFeuads [erads siy3 ur vonisodwod 9dolosT 93e] 93 03 S19J3 ISSQ

<

(8002 Te 32 1X) LMIqerrea [eUOSEas Yproows 03 U0 APUIGINS ST APOq I2I1EA ) JO SWI IDUIPISII O} S FUO[ St ‘OrFeuads [erads sy 303 d[qrssod vQ jo
uopeored soxew sty T, (1@ = Q) a1es Apeais ordojost ue uTe19x 03 Apoexd siaem ndur Jo uonrsodwos adojost oy [enbo 1snw I 90UTS ‘VUMOUY OS[e ST IQ
98reyosIp Jo1eMpUN0I3 9[qIdNSou pue uonisodwod odojost axe] pue Indur UMOUY B YA SIYE] [BUTWIN JO,] “Foradng axe| woiy () 23nerodwa oye|

pue (0,08 03 9/,0L) Lpruny 2ane[I (D) $99139p ¢*()) 2rmerodwal Ire Sursn 9Q JO SAN[EA WOIFJ PAIL[NI[BIIT ST VQ *(I[FD oY) UTYIM PIPPaquid 0,00] = [/H

Je 9Q IM) O[OFD NTYM & st umoys st sindur Jo vonrsodwiod 9dolosr STy T, *S7oIeM D[F0IIW JO JL1) WOIJ SIN[EA SSIIXD WNIFAINP Ul uoneredos 15918913
o sey aNfeA T/H MO[ B Y3 saxe[ 303 aerodead Jo uvonrsodwod d1dojost oyl ey3 939y UMoys ST 3] “(spuowrerp Aei3 (HQ) arnisjowr pajesodead Surosino
11 pue (955030 d¥q 1Q) 93¢ ® Jo wonisodwod odorost oy J0F (10[d UT sanfea o/, St UMOYS) SOIFEUS | /H IUIAIIIP JO dNewdydg (&) "(0]-¢ 23n3r]

(a) (e)

9'0 = Y :suonisodwod adojos! ainisiow ousydsowyy —il—
1°0 = 4 :suoisodwoo adojos! ainjsiow ouaydsowyy —g—
suolysodwoo adojosl alnjsiow Bunjesoderny —@ —

suopisodwoo adojos! oye] —iE—

(IR

F1VHOdVAT

979 :H,Q

H,Q

H;®

132



In order to visualize the mixing technique employed here for the Great Lakes, a 3180-82H plot is
shown for mixing scenarios of zero to 25 percent of Great Lakes evaporate integration into the
atmosphere (0 < x < 0.25 from Equation 17; Figure 3-12a through 3-12¢). It is also useful to envision
this procedure in an E/TI (380)-E/I (3H) cross plot. This mixing scenatio is presented for each Great Lake
in Figures 3-13a through 3-13e. Mixing scenarios of evaporated moisture into the overlying atmosphere
are presented as grey shading from black (0%) to white (25%). The trajectory of three variables as mixing
increases are shown: 8, 8 and &*.

The isotope composition of the atmosphere is calculated to be offset from measured precipitation
(weighted to the evaporation season) by equilibrium isotope effects alone. The isotope composition of
precipitation weighted to evaporation is shown in Figures 3-12a through 3-12¢ as 8p @vap weicHTED). This
value is used to calculate an initial estimate for 5a. As shown in Figure 3-10, this initial estimate is unlikely
to represent the natural setting, as the value plots near that of meteoric waters instead of at an elevated
deuterium excess value (defined by Dansgaard 1964; d >10) as expected for a non-terminal lake system
large enough to influence the overlying atmosphere such as the Great Lakes.

As the lakes evaporate, the evaporated moisture mixes with that of the overlying atmosphere. This is
shown in the model results, where 84 values trend towards that of g as greater amounts of evaporate is
integrated. The two other mixing parameters are temperature and humidity. As mixing proceeds, the
value of 8k is influenced because the Craig and Gordon (1965) model calculates 8x as a function of 84, air
temperature and humidity (see Equation 16). 8g values follow a trend roughly towards the isotope
composition of the lake in equilibrium with the atmosphere (defined as 8,* in Craig and Gordon 1965 -
pp- 99; redefined here as 8.* in Figures 3-12a through 3-12¢). This is significant, since this is the expected
isotope composition of evaporate under marine conditions (Craig and Gordon 1965). The trajectory
toward this value shows a semi-ocean like behaviours of the Great Lakes.

Higher humidity values shift the initial 8g value towards that of standard mean ocean water for the
climate scenario of the Great Lakes. Consequently, the value of dg at the intersection with the
extrapolation of the local evaporation line as the 8g-84 mixing model proceeds is nearer to that of the
isotope composition of the input to the lake. Therefore, a greater amount of evaporation is required to
balance the isotope composition of the lake (higher E/I values for higher humidity inputs). Two
humidity scenarios are shown in Figures 3-12a through 3-12e because humidity is the most sensitive
input parameter for E/I, particularly for values in the Great Lakes basin that approach h = 80% (Horita
et al. 2008).

As the trajectory of 8r descends below the meteoric water line, it does not equal 5p* at a mixing
scenario of 100%. This is the result of the initial 3g estimates that lie well above values intersecting the
extrapolation of the local meteoric water line. However, examining the equation of 8 (Equation 16)
more closely, this formula becomes undefined at h = 100%. The denominator (1-h + ek) is equal to zero
at h = 100% (since kinetic isotope effects are removed under for a saturated air mass).

For the E/I (180)-E/I (3H) cross plots, rough kinetic isotope effect conditions produce higher E/I
values than laminar conditions. From wind speed data (Mesinger et al. 2006) and kinetic isotope effect
scenatios (<7 m/s; Araguds-Araguas et al. 2000) evaporation from the Great Lakes is proposed to be best
represented by smooth (laminar) kinetic isotope effect conditions. The difference between smooth and
rough E/I outputs is greatest for high humidity input scenarios (Figures 3-13a through 3-13¢). The
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isotope composition of the evaporate (3g) follows a trajectory that intersects an extrapolation of a
regression 81-8r.. At this point, the E/I outputs for both 2H and 8O are synchronized to a common value.

For evaporate mixing scenarios for the Great Lakes, 84 values follow a trajectory towards that of Sk as
the percent of evaporate mixture is increased. This is consistent with elevated deuterium excess in
precipitation on the leeward side of the Great Lakes (Gat et al. 1994; Machavaram and Krishnamurthy
1995). Since vapour condensation is governed primarily by equilibrium isotope effects, the deuterium
excess parameter should not vary significantly between atmosphetric vapour and its condensed phase,
since e¥150/e*2n varies between 8.42 at 25°C and 9.41 at 1°C (Hotita and Wesolowski 1994). This does
not apply to deposition as kinetic effects are associated with vapour-solid phase transitions (Metlivat and
Jouzel, 1979; Jouzel and Merlivat 1984). 84 values shown have a large separation from precipitation for
both 880 and 82H. This is caused by two converging factors: (1) weighting of precipitation to the
evaporation (winter) season leads to low Spgw) values, and (2) weighting of temperature to the
evaporation season produces higher equilibrium separation (*) values.
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Figure 3-12a. Isotope mass balance scenatio for Lake Superior. Two relative humidity input value
scenarios are shown: 70% and 80%. Parameters shown in the diagram are the isotope compositions of
atmospheric moisture (34; black circles), evaporated vapour (8g; white circles), and the isotope
composition of a closed lake (8ssr; white stars, where E/I = 100% for 8g=8y). The isotope composition
of the Great Lake (31, grey square) and the isotope composition of hydrologic inputs to the Great Lake
(31; grey square) are shown. Also, the modelled isotope composition of vapour in equilibrium with the
Great Lake is shown (8r*, black cross; after Craig and Gordon 1965).
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Figure 3-12b. Isotope mass balance scenario for Lake Huron. Two relative humidity input value scenarios
are shown: 70% and 80%. Parameters shown in the diagram are the isotope compositions of atmospheric
moisture (84; black circles), evaporated vapour (Sg; white circles), and the isotope composition of a
closed lake (8ssr; white stars, where E/I = 100% for 8=381). The isotope composition of the Great Lake
(31, grey square) and the isotope composition of hydrologic inputs to the Great Lake (3y; grey square) are
shown. Also, the modelled isotope composition of vapour in equilibrium with the Great Lake is shown
(Br*, black cross; after Craig and Gordon 1965).
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Figure 3-12c. Isotope mass balance scenario for Lake Michigan. Two relative humidity input value
scenarios are shown: 70% and 80%. Parameters shown in the diagram are the isotope compositions of
atmospheric moisture (34; black circles), evaporated vapour (8g; white circles), and the isotope
composition of a closed lake (8ssr; white stars, where E/I = 100% for 8g=8y). The isotope composition
of the Great Lake (31, grey square) and the isotope composition of hydrologic inputs to the Great Lake
(31; grey square) are shown. Also, the modelled isotope composition of vapour in equilibrium with the
Great Lake is shown (8r*, black cross; after Craig and Gordon 1965).
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Figure 3-12d. Isotope mass balance scenario for Lake Erie. Two relative humidity input value scenarios
are shown: 70% and 80%. Parameters shown in the diagram are the isotope compositions of atmospheric
moisture (34; black circles), evaporated vapour (8g; white circles), and the isotope composition of a
closed lake (8ssr; white stars, where E/I = 100% for 8g=81). The isotope composition of the Great Lake
(31, grey square) and the isotope composition of hydrologic inputs to the Great Lake (3y; grey square) are
shown. Also, the modelled isotope composition of vapour in equilibrium with the Great Lake is shown
(dr*, black cross; after Craig and Gordon 1965).
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Figure 3-12e. Isotope mass balance scenario for Lake Ontario. Two relative humidity input value
scenarios are shown: 70% and 80%. Parameters shown in the diagram are the isotope compositions of
atmospheric moisture (34; black circles), evaporated vapour (8g; white circles), and the isotope
composition of a closed lake (8ssr; white stars, where E/I = 100% for 8g=8y). The isotope composition
of the Great Lake (31, grey square) and the isotope composition of hydrologic inputs to the Great Lake
(31; grey square) are shown. Also, the modelled isotope composition of vapour in equilibrium with the
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Great Lake is shown (8r*, black cross; after Craig and Gordon 1965).
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Figure 3-13a. Evaporation as a proportion of inflow (E/I) for Lake Supetior computed by an isotope
mass balance for two geochemical tracers (deuterium, oxygen-18) following the lake-effect mixing model
presented in this thesis. Two relative humidity (h) scenarios are shown: low (squares) and high
(diamonds). The greyscale shade of the symbol represents the degree of mixing (x term in Equation 17).
Black represents x = 0%, white represents x = 25%. Grey shading bounds E/I values between the two
humidity scenatios under laminar (smooth) kinetic isotope effect conditions. Also, a "rough conditions"
kinetic isotope effect scenario is presented as dashed lines for both humidity scenarios as well. A one-to-
one line is shown as a thick black line. E/I values that fall on the one-to-one line for the two humidity
scenarios are shown numerically in the bottom right corner.
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Figure 3-13b. Evaporation as a proportion of inflow (E/I) for Lake Huron computed by an isotope mass
balance for two geochemical tracers (deuterium, oxygen-18) following the lake-effect mixing model
presented in this thesis. Two relative humidity (h) scenarios are shown: low (squares) and high
(diamonds). The greyscale shade of the symbol represents the degree of mixing (x term in Equation 17).
Black represents x = 0%, white represents x = 25%. Grey shading bounds E/I values between the two
humidity scenarios under laminar (smooth) kinetic isotope effect conditions. Also, a "rough conditions"
kinetic isotope effect scenario is presented as dashed lines for both humidity scenarios as well. A one-to-
one line is shown as a thick black line. E/T values that fall on the one-to-one line for the two humidity
scenarios are shown numerically in the bottom right corner.
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Figure 3-13c. Evaporation as a proportion of inflow (E/I) for Lake Michigan computed by an isotope
mass balance for two geochemical tracers (deuterium, oxygen-18) following the lake-effect mixing model
presented in this thesis. Two relative humidity (h) scenarios are shown: low (squares) and high
(diamonds). The greyscale shade of the symbol represents the degree of mixing (x term in Equation 17).
Black represents x = 0%, white represents x = 25%. Grey shading bounds E/I values between the two
humidity scenatios under laminar (smooth) kinetic isotope effect conditions. Also, a "rough conditions"
kinetic isotope effect scenario is presented as dashed lines for both humidity scenarios as well. A one-to-
one line is shown as a thick black line. E/T values that fall on the one-to-one line for the two humidity
scenarios are shown numerically in the bottom right corner.
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Figure 3-13d. Evaporation as a propottion of inflow (E/I) for Lake Etie computed by an isotope mass
balance for two geochemical tracers (deuterium, oxygen-18) following the lake-effect mixing model
presented in this thesis. Two relative humidity (h) scenarios are shown: low (squares) and high
(diamonds). The greyscale shade of the symbol represents the degree of mixing (x term in Equation 17).
Black represents x = 0%, white represents x = 25%. Grey shading bounds E/I values between the two
humidity scenatios under laminar (smooth) kinetic isotope effect conditions. Also, a "rough conditions"
kinetic isotope effect scenatio is presented as dashed lines for both humidity scenarios as well. A one-to-
one line is shown as a thick black line. E/T values that fall on the one-to-one line for the two humidity
scenarios are shown numerically in the bottom right corner.
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Figutre 3-13e. Evaporation as a proportion of inflow (E/I) for Lake Ontatio computed by an isotope
mass balance for two geochemical tracers (deuterium, oxygen-18) following the lake-effect mixing model
presented in this thesis. Two relative humidity (h) scenarios are shown: low (squares) and high
(diamonds). The greyscale shade of the symbol represents the degree of mixing (x term in Equation 17).
Black represents x = 0%, white represents x = 25%. Grey shading bounds E/I values between the two
humidity scenatios under laminar (smooth) kinetic isotope effect conditions. Also, a "rough conditions"
kinetic isotope effect scenario is presented as dashed lines for both humidity scenarios as well. A one-to-
one line is shown as a thick black line. E/T values that fall on the one-to-one line for the two humidity
scenarios are shown numerically in the bottom right corner.
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Output values for E/T are similar to GLERL laboratory outputs (Figure 3-14, Table 3—4). A compatison
of the two methods shows a nearly identical E/I values for Lakes Huron and Erie. Isotope mass balance
results for Lake Michigan and Lake Superior are two-thirds of the Great Lakes Environmental Research
Laboratory (GLERL) model outputs. Lake Ontario is the only Great Lake that has an isotope mass
balance with a greater E/I estimate than that of the GLERL model. However, before comparisons of the
GLERL outputs and stable isotope mass balance approach may be drawn, a model sensitivity analysis for
each Great Lake is completed. This approach will produce an range of uncertainty for the E/I value
derived from a stable isotope mass balance for each Great Lake.

A rigorous uncertainty analysis is not completed for the vast majority of stable isotope mass balance
evaporation studies. This is likely due to large uncertainties for input parameters that quickly proliferate
into unrealistic estimates for E/I. However, if a rigorous uncertainty analysis is completed for physical
and energy water balances, errors are often large as well. Here, reasonable uncertainties for all input
parameters into the stable isotope mass balance are tested and the calculation is rerun with an aim of
assessing calculation uncertainty. Input parameters for the stable isotope mass balance approach and
associated uncertainties are shown in Table 3-6.

Table 3—6. Uncertainties associated with input parameters to the stable isotope mass balance

Calculation input | Uncertainty (%) Effect on E/I as value increases

81 18O [%0] 1.0, 0.5, 0.7,0.3, 0.3 * Decteases E/I output value

81 2H [Y%o]

8.0,4.2,6,22, 2.3 *

Dectreases E/I output value

81. 180 [%0]

*10 of lake results

Increases E/I output value

81. 2H [%o]

*1o of lake results

Increases E/I output value

Sp evap 8O [Yoo] 1.0 Dectreases E/I output value

Sp evar 2H [%o] 8 Decteases E/I output value

Trake [°C] 0.5 Increases E/I output value
Tar°C] 1 Dectreases E/I output value
RH [%] 5 Increases E/I output value

* 31 uncertainties vary between lakes. These values assume a known (zero uncertainty) connecting
channel inflow isotope composition, and an uncertainty of =1 per mille for 3180 (+8 per mille for 82H)
for runoff and direct precipitation inputs. Values are listed in order as Superior, Huron, Michigan, Erie,
Ontario (delimitated by commas).

Maximizing uncertainties uses low values for 81, 8p pvap and air temperatures and a high value for
relative humidity and lake temperature. Minimizing E/I uses the opposite uncertainty end member for
cach of these inputs. The model converges on a single value for E/I for both 80 and 2H in all cases,
including the case where uncertainties are selected to maximize or minimize E/I values (all-increase or
all-decrease E/I scenarios for each parameter shown in Table 3—6). This produces an absolute maximum
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and minimum scenatio for E/I for each Great Lake by an isotopic approach. These values can be
compared to energy and mass transfer estimates shown earlier in Figure 1-28. Maximized and minimized
E/I values are presented in Table 3-7.

Table 3—7. Maximum and minimal E/I values applying uncertainties for input parameters (Table 3—6)

E/I (calculated inputs E/I (minimum-
LAKE E/I (minimum) | GLERL estimate
scenario) maximum)
SUPERIOR 27.9 12-54 12.3 23-91
HURON 17.3 8-32 8.6 10-35
MICHIGAN 20.3 9-35 9.7 14-74
ERIE 9.9 6-15 6.3 7-15
ONTARIO 6.3 2-14 2.0 3-8

Now a comparison of the stable isotope mass balance evaporation estimates can be made to
conventional hydrologic approaches. A comparison of uncertainties and outputs is shown in Figure 3-14.
The isotope mass balance model constrains the value of evaporation as a proportion of inflow better than
estimates from conventional hydrologic means for Lakes Superior and Michigan. Lake Huron
uncertainties for the GLERL and isotope mass balance (IMB) models ate similar. Evaporation estimates
for the lower two Great Lakes - Erie and Ontario - are reported to be slightly better constrained by
conventional hydrologic approaches (Neff and Nicholas 2005). Lake Erie evaporation loss estimates
calculated by an isotope mass balance are very similar to conventional hydrologic estimates (Figure 3-14).
Lake Ontario E/I values are similar for all methods as well. An isotope mass balance approach suggests
that evaporation as a proportion of inflow from Lake Ontario may be slightly higher than conventional
hydrologic approaches estimate.

Values of evaporation as a proportion of inflow (E/I) are lower for the isotope mass balance approach
than E/I values obtained from energy and mass balance techniques (Croley 11 1989; Neff and Nicholas
2004) for Lake Superior, Huron, and Michigan. Returning to Equation (4), we note that water inputs are
presumed to equal connecting channel outflow in addition to evaporation losses (I = Q + E, assuming
steady state). However, a more accurate description of evaporation losses is that evaporated water is
advected from beyond the extent of the lake surface. Water that evaporates from a Great Lake and
subsequently reprecipitates onto its surface is not included in isotope mass balance model estimates. This
recycling is invoked to ensure that the isotopic residence time is always less than that of a lake's waters

(Horita (2008) proposes 1 = (1-h) 1. where 1 and 11, represent the residence time of isotopes and that of
the lake).
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Figure 3-14. Maximum and minimum uncertainty scenarios for the Great Lakes Environmental
Research Laboratory (GLERL; light grey) and United States Geological Survey (USGS; dark grey) water
balances. The isotope mass balance E/I outputs (IMB; black) is shown to have a similar or better
constrained uncertainty in comparison to conventional hydrological approaches. Reported estimates for
E/I are shown as diamonds for each of the three models.

Recycled water is embedded in energy balance estimates. The result of this is that recycled water may
be counted as evaporate for these approaches. Therefore, it is reasonable that the isotope mass balance
E/I ratios are lower than conventional hydrologic estimates. This shows an added advantage of an
isotope approach, particularly from an atmospheric water budget perspective, as '#O and 2H tracers
demonstrate an ability to estimate the net water evaporated into the atmosphere and advected from the
lake surface.

Changes to the climate and hydrology of Lake Superior is another - so far unaccounted for - source of
certainty in the isotope mass balance and conventional hydrologic estimates. Lake Superior's residence
time is greater than 100 years. If the equation of lake-isotope residence time from Horita (2008) is
considered the residence time of oxygen and hydrogen isotopes in Lake Superior waters is still >70 years
(for h ~75%). This reflects a time-lag in the Lake's isotopic signature, and suggests that - like Lake Baikal
(Seal and Shanks 1998) - Lake Superior may not be in isotopic equilibrium with current climate
conditions. Therefore, fluctuations or long-term changes to climate and hydrology of a lake will
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experience a time lag before changes to the isotopic signature of waters are observed. From historical
isotope data, it seems that the 2H/'H ratio of Lake Supetiot's waters has remained faitly consistent from
1963 to 2007. The long residence provides an advantage for isotope investigations as it permits an
interpretation of Lake Supetiot's hydrologic cycle over the past ~100 yeats.

A stable isotope study adds new insights into the hydrologic operation of lakes. The ability to "look
into the past” when sampling lakes with long residence times is one advantage of an isotopic study over
conventional approaches limited to instrumental records. Another advantage is the removal of moisture
recycling from evaporation over inflow (E/I estimates). Taking this a step further, the contribution of
lake evaporate in lake-effect precipitation can be determined if sufficient collection stations are set up
(Gat et al. 1994). Also, the concentrations of 180 and 2H in water are a conservative tracer of a water
parcel, and can be applied to estimate exchange between lakes as has been investigated here for Lake
Michigan. The separation of Lake Michigan and Huron shows that these waters are distinct, and require
separate hydrologic evaluation despite sharing a common lake level.

Overall implications for this study support use of stable isotopes to compliment conventional
hydrologic investigations of lakes. Stable isotopes add information where conventional techniques are
limited, such as the existence of physical climate monitoring in the past. The advantages of adding stable
isotopes fall into two main categories for the Great Lakes: (1) cost and simplicity, and (2) new
perspectives and hydrologic information. (1) A stable isotope study is cost-efficient compared to
logistically challenges and costs associated with over-lake monitoring. Furthermore, continuous sampling
is not a necessity for large, well-mixed lakes with multi-year residence times. Climate data required for
evaporation modeling using stable isotopes is often already in place, as temperature and humidity are
standard measurements. (2) Stable isotopes add new information for large lake hydrology such as: (a) new
estimates for the long-term mean value of evaporation as a proportion of inflow within the residence
time of a lake, often extending beyond the period of instrumental records for large lakes, (b) monthly
sampling shows an ability to determine seasonality in over lake evaporation, (c) permits a direct
measurement and calculation of the contribution of lake evaporate into the regional atmosphere, (d) can
trace and distinguish water masses as they exchange between lakes. Finally, (¢) combined with paleo-
ecology, isotope records from lake cores can determine past changes to a lake hydrology (100s-10,000s of
years); however, a thorough understanding of modern controls on isotope variations is required to
interpret past fluctuations, advocating for a contemporary isotope hydrology investigation compliment all
paleo-limnology studies using stable isotopes.

Further work for the Great Lakes could help to address Lake Michigan-Huron water exchanges, the
contribution of Great Lakes evaporate and importance of Great Lake ice cover to lake-effect snowfalls,
and long-term changes to Lake Supetiot's hydrology, and direct measurement of moisture during
evaporation seasons. (1) Several at-depth continuous sampling stations along the Straits of Mackinac can
directly quantification of the amount of mixing between Lake Michigan and Lake Huron, therefore
constraining the large uncertainties in residence time calculations for Lake Michigan. (2) More
precipitation collection stations - both upwind and downwind of a Great Lake - could be used to
calculate the percentage of Great Lake evaporate in lake-effect precipitation. Coupled with daily ice-cover
data for the Great Lakes, an assessment potential changes in magnitude and frequency of lake-effect

snowfalls could be projected for a warmer climate. (3) Lake Superior is an immense water body, with a
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residence time so long (~100 years) that its isotope signature integrates changes on a century time scale.
Since Lake Superior is well mixed, and its outflow represents the isotope composition of the Lake,
changes to Lake Supetior could be evaluated by collection of monthly samples of the St. Mary's river in a
multi-decadal effort to track changes to the system's hydrology. (4) Evaporation as a proportion of inflow
to each Great Lake is constrained to uncertainties that approach conventional estimates. However, the
isotope mass balance E/I outputs could be greatly improved by analyzing vapour eddy covatiance towers
during the evaporation season. This would significantly constrain uncertainties in g values inn the
computation of E/I, which is the largest uncertainty in this computation as all other parameters can be
directly measured. Option (4) could be coordinated with ongoing efforts to measure evaporation by eddy
covariance methods by either sampling moisture or by measuring in-situ using a laser-based instrument.
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Summary

Waters from each of the five Great Lakes were collected during two sampling campaigns in spring and
summer of 2007 aboard the Environmental Protection Agency's (EPA) Research Vessel, the Lake
Guardian. A total of 514 samples distributed throughout the Great Lakes were collected for isotopic
analysis from 75 offshore sampling stations at surface, mid depth(s) and within 10m of the sediment-
water interface. Analysis of 80 /160 and 2H/'H ratios for all 514 samples was completed by the Alberta
Research Council's Isotope Hydrology and Geochemistry Laboratory located in Victoria B.C. in 2009.

A modified calculation approach to estimating evaporation as a proportion of inflow is developed here.
The approach capitalizes on previous works that quantify isotope effects during the liquid-vapour phase
transition of HyO in natural and laboratory settings; however, an additional modification is proposed to
account for lake effects on the overlying atmosphere during the evaporation process. We apply this new
model to the dataset of 380 and 82H values of water in the Great Lakes coupled with data for surface
waters and precipitation from other networks (Canadian and United States Network(s) for Isotopes in
Precipitation). This approach has improved the understanding of the Great Lakes hydrologic system by
assessing seasonality in evaporation rates, providing a new estimate of evaporation as a proportion of
inflow for each lake, and identifying moisture recycling as an important process in the basin.

Stable isotopes of oxygen and hydrogen are found to constrain uncertainties in E/I values comparably
to conventional hydrologic methods, without the need for extensive over-lake climate monitoring
stations. For Lakes Michigan and Huron, the isotope mass balance approach provides a new perspective
into water exchange and evaporation from these lakes, and demonstrates that the waters in each Lake are
distinct despite sharing a similar lake level. E/T ratios are highest for the headwater Great Lakes (Superior
and Michigan, (30% and 20%) and lowest for Lakes Erie and Ontario (10% and 6%), controlled by large
inputs from connecting channels into lower chain-lakes, and by variations in evaporation rates between
the Great Lakes. E/I values for Lakes Superior and Michigan calculated by the isotope mass balance
approach are lower than values computed by the Great Lakes Environmental Laboratory (GLERL),
perhaps demonstrating the isotopic approach's ability to calculate evaporated moisture that is advected
from the basin and not subsequently recycled as over lake precipitation. At-depth and intra-annual
sampling and isotope ratio measurement of lake waters confirm a lack of significant summer evaporation
over the Great Lakes.
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Appendix B:
Contour plots — %0 in H,0

In order, plots shown are:
- Lake Superior: Spring
- Lake Superior: Summer
- Lake Huron: Spring
- Lake Huron: Summer
- Lake Michigan: Spring
- Lake Michigan: Summer
- Lake Erie: Spring
- Lake Erie: Summer
- Lake Ontario: Spring
- Lake Ontario: Summer
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Appendix C:

Contour plots — Temperature

In order, plots shown are:
- Lake Superior: Spring
- Lake Superior: Summer
- Lake Huron: Spring
- Lake Huron: Summer
- Lake Michigan: Spring
- Lake Michigan: Summer
- Lake Erie: Spring
- Lake Erie: Summer
- Lake Ontario: Spring
- Lake Ontario: Summer
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Appendix D:

Contour plots — Chloride concentration

In order, plots shown are:
- Lake Superior: Spring
- Lake Superior: Summer
- Lake Huron: Spring
- Lake Huron: Summer
- Lake Michigan: Spring
- Lake Michigan: Summer
- Lake Erie: Spring
- Lake Erie: Summer
- Lake Ontario: Spring
- Lake Ontario: Summer
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Appendix E:

Contour plots — Density

In order, plots shown are:
- Lake Superior: Spring
- Lake Superior: Summer
- Lake Huron: Spring
- Lake Huron: Summer
- Lake Michigan: Spring
- Lake Michigan: Summer
- Lake Erie: Spring
- Lake Erie: Summer
- Lake Ontario: Spring
- Lake Ontario: Summer
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