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MANAGEMENT PERSPECTIVE

Concerns over global warming have resulted in a number of studies focusing on the effects of .
: tempera_ture' and preeipitation changes on water resources. Although much research has

investigated the effects on stream flow and soil moisture, little work has addressed the impact on

the groundwater flow regime. Because long-tenn groundwater studies on a regional scale require a ﬁ

" considerable amount of costly instrumentation, and this instrumentation must be monitored for -

many. years, conventional groundwater studies are not appropriate for hydrogeological studies
related to global Waxming The approach taken here to assess the impact of long-term climatic
changes on the groundwater flow reglme is by examrmng the 1mpact of climatic change on lake .
watershed systems. In many cases, where the contnbutron of groundwater to the hydrologlcal
- balance of a lake is important, lakes are essentially a surface expression of the groundwater flow
‘regime. A lumped parameter lake-watershed model is used to provrde insight into the effects.of .
long-term climatic change ona groundwater—lake system in the | prairie region of Alberta, Canada.
The model used in this study is based on an extension of conventional water balance methods The
model was successfully calibrated against a 50-year record of chmatrc and lake records. The effects
of climatic change on this watershed indicate that groundwater recharge and stoxage will decline at
a greater rate than other hydrological components affectmg the lake. The salinity of the lake water
~ will increase dramatically in response to small chunges in tempera_ture and precipitation. The
changes to the volume of water in the lake will change but not as signiﬁcémtly as lake salinity. This
paper was written as an invited contribution to special issue of the Journal of Hydrblogy'on the
Hydrogeology of Wetlands, based on a symposium held at the 28th Intemauonal Geologrcal
Congress, Washmgton D.C,, July, 1989.
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RED

~ eaux souterraines. Un modéle

PERSPECTIVE DE LA DIRECTION

Les préoccupat1ons relatives au~réchauffement de 1a planéte se
sont traduites par la réalisation de plusieurs études sur les effets

- des var1ations de 1la température et des prec1p1tat1ons- sur les

ressources en eau. Méme 51 une grande partie des recherches ont porté
sur les répercussions sur le débit fluvial et la teneur en eau du sol,

.que]ques ‘travaux ont porté. sur les 1nc1dences sur “]e régime

d' ecoulement des eaux souterraines. Parce que les études d long terme

A

suf les eaux souterra1nes menées & 1'échelle régionale nécessitent un

grand nombre d' 1nstruments couteux, et que ces 1nstruments do1vent,
etre surve111es pendant plus1eurs années, 1es dtudes c]ass1ques sur
les eaux souterra1nes ne conviennent pas aux études hydrogéologiques
1iées au rechauffement de la p]anete. L! apprbche adoptée pour évaluer

les incidences des variations c11mat1ques d long terme sur le régime

d*écoulement des  eaux souterra1nes consiste & étudier les
repercuss1ons des changements climatiques sur 1les reseaux de bassin
versant ‘des lacs. - Dans plusieurs cas, lorsque 1° apport d'eaux

_ souterraines au-bilan hydrolog1que d'un lac est important, les lacs

sont essent1e]1ement une expression en surface de 1'écoulement des
d péramétres‘]ocaliséé bassin versant -
lac est utilisé afin de comprendre Tles effets des changements
climatiques & long terme sur le réseau eaux souterraines-lacs dans la
région des prairies en Alberta (Canada). Le modéle uti]isé'dans la
presente etude est fondé& sur un e]arg1ssement des méthodes c1ass1ques-
d' equ111bre hydro]og1que. Le modéle ‘a été etalonne avec succes par

rapport.a des relevés climatiques et des lacs couvrant une période de

: 50 ans. Les effets .des changements c11mat1ques sur ce bassin versant

montrent. que 1'alimentation d'une nappe souterraine et la “retenue. .
diminueront plus rapidement que les autres composantes hydrologiques

',agissant sur le lac. La salinité de 1'eau du lac augmentera de fagon

spectaculaire en réponse aux -faibles variations de la température et

des précipitations. Les variations du volume d'eau dans le lac

changeront, mais de ‘fagon moins importante que la salinité du lac. Le

LY

présent article a été rédigé suite & une sollicitation en vue d'un

numéro spécial du Journal d'hydrologie portant sur‘l'hydrogéologiefdes
terres humides (Hydrogeology of Wetlands) a partir d'un colloque qui a -
eu lieu lors du Vingt -huitiéme congrés 1nternat1ona1 de géologie &
wash1ngton (D.C.), en Ju111et 1989. ‘ '




ABSTRACT

Concerns over global warining have resulted in a number of studies focusing on the effects of

‘temperature and precipitation changes on water resources. Although much' research has

investigated the effects on streamflow and soil moisture, little work has addressed the impact on’

the groundwater flow regime. A lumped paramétcr’lakc-Wa,tershed model is used to provide insight
into the effects of long-term climatic change on a groundwater-lake system in the prairie region of
Alberta, Canada. This model is based on an extension of conventional water balance methods. The
model was successfully calibrated against a 50-year record of climatic and lake records. The effects
of climatic change on this watershed indicate that groundwater recharge and storage will decline at

a greater rate than other hydrological components affecting the lake. The salinity of the lake water

will increase dramatically ‘in response to small changes in temperature and precipitation. The

changes to the volume of water in the lake will change but not as significantly as lake salinity.
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RESUME

Les préoccupations relatives au réchauffement de la planéte se
sont traduites par la réalisation de plusieurs études-suf‘les effets
des variations de la ‘température et des précipitations sur Tles.
ressources en eau. - Méme si une grahde partie des recherches ont porté
sur les repercuss1ons sur le déb1t f]uv1a1 et la teneur en eau du sol,
que]ques travaux ont porte sur les 1nc1dences e5ur‘ le régime

~

d éeoulement des eaux souterraines. Un modéle & paramétres localisés

bassin versant - lac est utilisé afin de comprendre 1es‘effets des

S

changements climatiques & Tong terme sur - le réseau eaux
souterra1nes lacs dans la région des prairies en Alberta (Canada). Le

-modéle utilisé dans la présente étude est fondé sur un e1arg1ssementv

des méthodes classiques d'équilibre hydrologique. Le modéle a été
étalonné avec succéds par rapport i des relevés climatiques et des lacs
couvrant une .pérjode ~de 50 ans. Les effets des changements
climatiques sur ce bassin versant montrent que 1'alimentation d'une
nappe souterraine et la retenue diminueront plus rapidement que 1les
autres composantes hydrologiques agissant sur le lac. Lé salinité de
1'eau du lac augmentera de fagon spectacu1a1re en réponse aux faibles
variations de la temperature et des précipitations. Les var1at1ons du

-volume d'eau dans le lac changeront, mais de fagon moins 1mportante
~ que la-salinité du lac. ; ) )
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_ INTRODUCTION

~ The recent awareness about global warming has raised concerns about the potential impact
of long-term climatic change on the environment. While it is widely recognized that the cause of
global warming is the unregulated rise in the quantities of man-made emissions into the atmosphere
(SO4, NO3, CHy, CFC's, and primarily CO,), predicting the long-term consequences of global
-warming, and especially how it will affect the hydrological balance on a regional scale, is much
more difficult. In areas where this climatic change could impact hegatively on a regional water
supply, it is important to quantifying this impact to determine if, and what type of, water -

management programs should be implemented.
An area where climatic change could adversely affect the hydrological balance is the prairies
or plains of western Canada and the United States, a region where present water resources are
constrained. Of particular concern is the effect of global warming on the groundwater resources of
this region. For example, in western Canada, over 90% of the rural population and many
municipalities rely on groundwater for their domestic needs (Hess, 1986). However, research on
how global warming will affect water resources typically has not addressed the groundwater
environment, but has pn'mém'ly focused on soil moisture (Smit et al., 1983; Manabe et al., 1981;
Manabe and Wetherald, 1986; Manabe and Delworth, 1990) and stream flow/runoff (N&mec and
Schaake, 1982; Revelle and Waggoner, 1983; Wigley and Jones, 1985; Cohen, 1986; Gleick,
1987; Karl and Reibsame, 1989; Lettenmaier and Gan, 1990). It is important that the effects on the
groundwater flow system also be addressed because it is an integral component of the hydrological

budget, ultimately affecting the quantity and quality of water in wetlands, rivers and lakes.

- Studies have shown that is difficult to monitor the effects of external stress on groundwater
flow systems at a regional scale in the plains or prairies because they respond very slowly to the
applied stress due to the generally low hydraulic conductivity and groundwater recharge rates
(Toth, 1978, Schwartz and Crowe, 1985). One means of assessing the groundwater flow regime
is to-examine the effects of long-term climatic changes on lakes, which in this region are often
surface expressions of the groundwater flow system, éctihg as a source and/or a sink for
groundwater flow.

The objective of this paper is to gain an insight into the effects of long—term climatic change
(due to global warming) on the prairie groundwater and lake environment, by examining a lake-
watershed system in Alberta, Canada using a water-balance modelling approach. Quantifying the
role of groundwater in the hydrology of a lake-watershed system using deterministic models or
field methods, require detailed spatial and temporal data which are typically not available. The data
required for the hydrological balance techniques are, however, generally readily available. The
value of modelling the effects of both short-term and long-terin climatic change on the hydrological
balance of a watershed with water balance models has been recognized (Crowe and Schwartz,




1981a; Cohen, 1986; Gleick, 1986, 1987). Both Cohen (1986) and Gleick (1987) used this
- technique to provide a valuable assessment of the changes occurring to the water balance of a
watershed, and specifically lakes and stream runoff, due to long-term climatic changes. However,
these studies did not incorporate a groundwater component, which they assumed was negligible.
In contrast to earlier studies, the primary objective of this work is focused on the impact to both the
lake and the grbundw‘ater flow regime. The model used here is an extension of the convention
water balance technique, and was originally develdped by Crowe and Schwartz (1981a) for the
purpose of asséssing the contribution of groundwater to the hydrological balance of lakes in a
Canadian prairie setting and successfully applied (Crowe and Schwartz, 1891b, 1985). The first
step in this process will be a simulation of the watershed that will reproduce the observed lake-
surface elevation fluctuations and lake salinity records in order to verify the accuracy of the model.
‘This process will result in an assessment of the importance of groundwater in the hydrological
balance of the lake. Secondly, a series of sensitivity analyses will be undertaken with the model in
which the known climatic and hydrological trends are extrapolated into the future to assess the

effects of long-term climatic changes on the watershed. '

QUANTIFYING' THE GROUNDWATER CONTRIBUTION TO LAKES
Stream flow, surface runoff, precipitation and evaporation are generally studied as
' 1mportant hydrologic components affecting the quantity and quality of water in lake. However, the
influence of groundwater flow into, or from, a lake is seldom considered. Several field-oriented
~ studies have shown that groundwéter flow may be responsible for a large portion of the recharge
to, or the discharge from, a lake. In such cases, the groundwater component of the hydrological
balance of a lake-can not be ignored. There are generally three methods that can be used to quantify
groundwater flow into and from a lake. These include: (1) a field-oriented approach, (2) numerical
simulations and (3) hydrological balance of the lake-watershed. The following discussion outlines
the applications, and advantages and disadvantages each method.
Field-oriented approaches consist of either the installation of shallow piezometers in the
vicinity of a lake or the use of seepage meters placed on the botiom of the lake. Hydraulic head
- measurements obtained from piezometer nests can be used to infer potential pathways for
groundwater flow into or from a lake (Jaquet, 1976; Karnauskas and Anderson, 1978; Rhinaldo-
~ Lee and Anderson, 1980; Winter, 1986). Values of 'hydraulic head, hydrauli¢ conductivity and
hydraulic gradient applied through the Darcy Equation have been used to quantify groundwater
flux (Loeb and Goldman, 1979; Rhinaldo-Lee and Anderson, 1980). The. use of seepage meters
placed on the bottom of a lake will supply accurate data on groundwater and solute flux (Lee,
" 1976; Lock and John, 1978; Lee et al., 1980; Brock et al., 1982; Belanger and Mikutel, 1985). In
both cases, the information obtained is applicable only on a localized scale. When attempting to
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scale‘these data over even small lake-watersheds, the estimates generally are not accurate because
of (1) the considerable spatial vanablhty in the structure and permeability of the subsurface, (2) the
spatial and temporal variability of the hydrauhc gradlent, and (3) the placement of the plezometers
and seepage meters within hydrostratigraphic zones rep_resen_tanve of the watershed. For example,
studies have shown that certain locations of seepage meters along the bottom of a lake will lead to
errors when extrapolating point specific measurements to an entire lake (Brock et al., 1982;
Cherkauer and McBride, 1988; Cherkauer and Nader, 1989), especially if the lake is large. To
adequately estimate groundwater flux, both the piezometer and seepage meter approach require
extensive (and costly) insu'nmentation in order to characterize grbundwater flux from all the
hydrostratigraphic units and to ensure that important discharge zones are not missed. |

Numerical modeélling of groundwater flow s'ystemjsv in the vicinity of lakes is very usefulin
.understanding the centrolling parameters and processes affecting groundwater flow and flux near a
- lake. However, existing modelling studies are typically limited to hypothetical scenarios (McBride
and Pfannkuch, 1975; Winter, 1978a, 1978b, 1981b, 1983 Pfannkuch and Winter, 1984; Wmter
and Pfannkuch, 1985) because detailed field data, as d1scussed ‘above, required for an accurate
representatlon an actual lake-watershed are not available. Models of actual lake-watersheds have
been used to provide a quick assessment of groundwater flux under a variety of hydrological
conditions (Rhinaldo-Lee and Anderson, 1980; Anderson and Munter, 1981; Munter and
~ Anderson, 1981), but these watersheds are very small (several km2).

Hydrological balance or budget techniques are the most common methods of assessing the
sources and volume of water and nutrients entering and leaving a lake. Balance techniques are
based on an accountmg of the hydrologic contributions to a lake and ignore the spatial variability of
the physical coniponents of the watershed. Because this technique does not represent the physical
structure of the lake-watershed, it can not be used to determine flow pathways, point sources and
concentrations of solutes. However, a balance approach has advantages over the previous methods
in that it calculates the net contribution of groundwater to the hydrological balance of a lake, and it
eliminates problems associated with a lack of adequate field data. Hydrologicai studies of lake-
watersheds are typically based on quantifying the role of precipitation, evaporation, surface runoff,
lake discharge and groundwater inflow/outflow, in the water balance of a lake. Additional factors
may also affect the volume of lake storage (eg. irrigation, industrial withdrawal). Mathematiéally,
this balance i is expressed with respect to the change in the volume of water in the lake:

ASjae =P + SWi, +GWm+SR E- SWoy - € Wou £ others 1)

where:  ASjp. = change i in volume of water in the lake,

P = volume of precipitation falling directly on the lake,
SWin. = volume of surface water inflow to lake (eg. rivers, streams),

N



GWy, = volume of groundwater discharge to the lake,

SR " = volume of surface runoff directly to the lake,

E = volume of evaporation directly from the surface of the lake,

SWou = volume of surface discharge from the lake (eg. river, stream),
' GWy, = volume of discharge from the lake via groundwater, -

other ~ =volume of other factors affecting lake storage.

Contribuﬁc'ms to the leu‘me of water within a lake from the hydrological components other -

* than groundwater are measurable, or in the case of evaporation, calculated by standard formulae

(Gray et al., 1970). However, the quantities of groundwater flow into, or from, a lakc\/caﬂ not be

~ measured accurately due to the complexity of a flow regime and the amount of field instrumentation :
required to adequately characterize the hydrostratigraphy. Therefore, equation (1) can not be used

to uniquely assess the role of groundwater inflow and outflow in the water budget of a lake, or its
associated contaminant or nutrient input. The substitution of all values that can be measured into

~ equation (1) will produce one equation with two unknowns (GWj, and GWy)- The difference
 between these two terms is typically represented in the balance equation with a groundwater flux

term:

ASpge =P+ SWiy + SR -E- SWou + AGWigee £ others - -
'where AGWiy, = groundwater flux to the lake (AGW g = GWm GWom) |

Thus, there is not a unique solution to estimating groundwater inflow to, or outflow from, a lake.

~ At best, only the net groundwater flux to the lake (AGW,.0) can be estimated, or as is often done;

one of the two terms in equation (2) is set to zero to allow the other to be estimated (Cook et al.,
1977; Karnauskas and Anderson, .1_978"; Cole and Fisher, 1979; Rhinaldo Lee and Anderson,
1980; Enell, 1982; Steenbergen and Verdouw, 1982). However, most hy'drologicﬂ balance studies
assume that groundwater has little significance in the water budget or .igno‘re' the groundwater
component completely. Under these assumptions, the balance equation typically is written as:

ASiage =P + SWig + SR - E - SWoy £ others | 3

MODELLING OF THE WABAMUN LAKE WATERSHED
The main objective of this study is to assess the impact of long-term climatic change on a

-watershed, and specifically, how the climatic change affects the groundwater domain through an

analysis of the hydrological balance of a lake. In order to tinderstand how an actual watershed will

~ respond to long-term climatic changes, it must be demonstrated that, firstly, a modelling technique

can be used to simulate the responses of a lake and its watershed to various hydrological stresses,




and secondly, this modelling technique can precisely define the water balance of an existing lake-
watershed system. Because hydrological balance techniques offer a practical and efficient method
of aasses_‘sing the importance of groundwater in the hydrology of lakes, the model described in this
section is based upon this approach. | | |

The Framework of the Model :

The hydrological balance model used here is the same one described earlier by Crowe and
- Schwartz (1981a) and readers can refer to this paper for a detailed discussion of the modelling
approach. The specific objective for developing this model was to provide a good estimate of
groundwater inflow to, and outflow from, a lake, using readily available field and climatic data.
The model extends conventional water balance techniques in three ways.

Flrstly, a s1mplc water balance expression, such as Equation (1), only cons1ders the storage
of water at a fixed moment in time rather than considering temporal fluctuations. Routing
calculations allows temporal variability of the watershed parameters to be considered as a
simulation moves forward in time. Thus, by simulating both storage within the hydrological

omponents and the routing of water among the components at a number of time steps, a series of
dependcnt equations of the followmg form results:

Aslake(tn) P(t;) + SWm(t,) + GWin(t) + SR(t;) - E(t;) - SWom(tl) GWom(tl) t others(t,) @)

where: t; = the time step at which a balance is calculated

This technique is more accurate tha_n a conventional _long—term average because as the number of
time steps increase and the size of the time step decreases, the number of dependent balance
equations in the form of Equation (1) that must be solved simultaneous increases. |
Secondly, because the focus of this model is towards estimating both groundwater inflow
to, and outflow from, a lake, the groundwater flow system is represented in more detail than in
typical balance models. The maJor hydrostrangxaphlc units within the watershed are represented as
a series of groundwater storage elements. Recharge to these elements may occur directly from
precipitation or through flow from, the unsaturated zone, the lake or from other storage elements.
Discharge occurs through evaporation, flow to rivers, the lake, other elements or out of the
‘watershed. Groundwater discharge from a storage element is a function of recharge and discharge
~ from the present and previous time step. These are related through a series of routing coefficients
defined by a storage delay time and time for recharge to an element as defined by Dooge (1960).
The third lmprovement incorporated that this model exhibits over the simple balance
techniques (i.e. Equanon (1)) is that dissolved mass, in the form of ions, is also routed through the
various components of the watershed. Although using a model based on Equation (4) will provide
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a better estimate of the groundwater recharge and discharge to, a lake, it is still possible to arrive at
a non-unique estimate of the balance components. The problem of a non-unique solution is
resolved by adding a second balance equation which is based on the chemistry of the hydrological .
components of the watershed. Water entering or leaving the lake may either decrease the salinity of |
the water in the lake (surface discharge, precipitation, melting of ice), increase its salinity.
(groundwater inflow, formation of ice, evaporation), or sirnply remove salts without a net change

‘in the salinity of the lake water (discharge as “stream flow or groundwater flow). These
hydrological components and processes affecting the lake are incorporated into the model, and are
summarized by Flgure 1. The long-term chemical character of the lake is simulated as a mixture of
all water entering the lake and is modified by processes such as evaporation, ice forination/melting,
snow accumulation/melting and spring runoff. Because concentrations can be transported, the
‘concentrations of the various components are converted to mass, and this mass is routed from one
hydrological component to another. Thus, the solute balance calculatlon for the long-term
fluctuations in the chemrstry of the lake is: '

ACiaice(t) = [Ciake*Staxet) + CpP(t) + Cswin*SWin() + Cowin'GWin(®) + Csr*SR) -
¢ Cswour"SWour(t) - CowourGWour(t) £ Cother*other(tp)] / [Slake(ti) +P(t) +
SWin(t) + GWin(t,) +SR() - E(t)) - SWou(t) - GWou(t) £ ice(ti) * others(t)] (5)
- where: AC]ake(tl) = change in concentratlon of the lake ' ‘
/ G = concentration of the nth hydrolog1cal component,

' ice(ti) = water removed from or added to the lake dunng the formauon or -
meltmg of ice at the surface of the lake ‘

* The ability of the model to route mass provides an independent test of the uniquenéss of the
: values assigned to the model variables. The solute transport and balance portion of the model is
simplified by not considering possible chemical reactions. Non-reac_uve solutes such as CI’, Na*,
or total salinity of the waters are cycled through this model. Because solutes such as Na* and CI
are not mﬂuenced significantly by biological or chemical processes, their concentrations are
essentlally controlled by physical processes with the watershed. o

The major ltydrologrcal components charactenzlng a watershed are represented by lumped-
. parameter storage elements. The structure of this watershed model (Figure 1) is similar to other
" lumped-parameter watershed models (e.g. Crawford and Linsley, 1966; Croley, 1983). However,
~ unlike these models, this model is focused towards the hydrological charactéristics of lakes rather
than runoff hydrogr‘aphs’ It also cycles dissolved mass through the watershed and requires only

exrstmg watershed models are qulte complex and require a variety of input parameters, many of

4



which are not routinely measured (eg. slope of ground surface, solar radiation, wmd speed,
interception of precipitation by tree species, etc). :

~ Values of the climatic, hydrological and watershed parameters required for a simulation .
‘should be obtained from field data where possible. These data include temperature, precipitation,
potential evaporation, lake surface elevations, lake chemistries, and the chemistries of water in the
various watershed components. The values of other parameters, such as unsaturated zone moisture -
capacity, storage delay time and routing paths am(;ng the groundwater elements are initially
inferred from field observations, but require a trial and error procedure of matching measured lake
levels and chemistry to determine acceptable values. :

Calibration of the Model A . '
‘ In order to assess the effects of "long-term climatic changes on an actiial watershed, the
improved model is applied to the Wabamun Lake watershed in Alberta, Canada. This watershed
‘was chosen because (1) lake-surface elevations have been recorded fora considerable period of-
time (several times each month during May to October from 1915 to 1959; daily or every 2-4 days
throughout the year since 1960), (2) meteorological data (daily temperature and precipitation) have
" been recorded at Environment Canada meteb‘rological stations in the area since 1914, and (3)
several previous limnological and hydrcgeological studies have been undertaken during the last 25
years within the watershed, and thus considerable data are available. Thus, the simulation of the
_long-term effects of climate change need not be assessed theoretically because the hydrological
charactenstics of the lake and watershed are well deﬁned

Wabamun Lake occupies a relatively large pomon of its watershed (Flgure 2), covermg 78
km?2 of its 418 km? watershed or 20% of the watershed. The watershed is mainly forested, bemg
* within an aspen parkland natural vegetation region, or is cleared for agnculture Development -
consists of summer cottages along the shore of Wabamun Lake, two large coal strip mines and two
major thermal electric generating stations on the shore of the lake. The topography of the watershed
is rolling to hilly. With the exception of spﬁng runoff, there is essentially no continuous stream
flow into the lake and discha‘rg‘e through the single outlet, Wabamun Creek, is intermittent and
_often obstructed. Other hydrological information for Wabamun Lake, its watershed and climate is
summarized in Table 1. '

An interesting characteristic of Wabamun Lake is that the salinity of the _lake'is very low
even thou_gh the total annual evaporation from the lake exceeds total annual precipitation, and there
~ is essentially no stream inflow which would replen'ish the lake with freshwater, nor stream
discharge from the lake which would flush the saline water from the lake. Because the chemical
character of the lake water is very similar to local grouﬂiiw'aters, several studies have indicated that
 the lake is strongly influenced by groundwater discharge to the lake and that the low salinity of



Wabam‘im Lake is due to discharge f1:o'm the lake as groundwater (Nursall et al., 1972; Fritz and

Krouse, 1973; Schwartz and Gallup, 1978). These studies indicate that groundwater recharge to ,

the lake occurs through the coal, sandstone and shale units north and west of Wabamun Lake, and.
groundwater discharge from the lake occurs only through the deep bedrock units south of the lake
(coal and sandstone/shale below the coal) or an alluvial deposit at the east end of the lake.

| Climatic data used for the simulation consists of mean monthly temperamres and total
monthly precipitation. The total monthly potential évapdration was calculated using an e‘rhpirical
formulation of Thornthwaite (Thomthwane, 1948; Thornthwaite and Mather, 1955; Gray et al.,

: 1970), which utilizes mean monthly temperature a daylight hours factor and a heat index function.
Where. possible, data were taken from Environment Canada'’s Highvale (1977-1987) or Magnolia

(1965 1982) weather stauons which are w1th1n several kilometres of the lake. Missing data were

‘obtained by correcting data from the next closest Environment Canada stations with long-term

records, Sion (1906—present), Thornsby (1932 1968) and Calmar (1914-present), to a
corresponding value at nghvale or Magnolia.

The choice of values assigned to the parameters for the model are based upon Crowe and-
Schwartz (1985) but have been modified slightly for the present simulations; the simulation period

for the previous study was only 25 years (1956-1981). Groundwater storage elements represent

surficial sand and till, and the shallow and deep bedrock units within the Wabamun Lake

watershed (Table 2) In addition to the parameters characterizing the watefshed, lake-functions
specific to Wabamﬁn_Lake are required. These lake functions include stage-area and stage-volume

curves for the lake and a stage-discharge curve for the outlet stream. Although the stage-area and -

stage-volume curves for the Wabamun Lake are well defined, it is impossible to produce a

_mcanmgful stage-discharge relationship for the outlet stream because of beaver activity and man-

made adjustments (installation of culverts, new outlet, weir emplacement) on Wabamun Creek
(Alberta Environment, 1982) which caused numerous blockages. Therefore, an approximating
function (Gray et al., 1970) was used. Numerous trials were undertaken with the model in which
the parameters, such as the routing coefficients, were adJusted in order to simulate the lake surface
elevations and the lake chemistry. The values of these variables which are adjusted or inferred
during the calibration of the model are typical of conditions in a Canadian prairie setting.

10

The resulting agreement between the simulated and measured lake levels and chemistry

(Figure 3a and 3b, respectively) is good ¢onsidering (1) the Simpliﬁed form of the model, (2) only
basic climatic watershed-characterizing data was required for the simulation, and (3) inaccuracies in
measured values of the input parameters and lake-functions. The primary source of efror in
reproducing observed lake-surface elevations is due to ér'ro'rs‘ in extrapolating meteorolbg_ical data
from the weather stations to Wabamun Lake and to the lack of an accurate stage¥discharge curve

- for the acfual discharge via Wabamun Cr‘cck (Winter, 1981a). Bgca'use of blockages and



improvements to _the creek over time (Aiberta Environment, 1982), the simulated and observed

Jake-surface elevations may not match during specific months. However, over the 50 years of |

simulation, this error will be minimized. The results of the s1mulat10n indicates that the important
components in the water balance for Wabamun Lake are preCIpltanon, surface inflow, evaporation
and discharge from the lake as groundwater. Inflow to and outflow from Wabamun Lake for all the

hydrological components were calculated on a monthly basis. The yearly proportion of inflow to

and outflow from Wabamun Lake attributed to groundwater varied from approximately 1-10% and
25-40%, respectiVely during the 50 year simulation period (Figure 4). The box and whisker plot
on Figure 4 shows that over these 50 years, the median annual percentage of inflow to the lake via
prec1p1tat10n directly on the lake, surface water inflow and groundwater dJscharge to the lake was
51.9%, 42. 8% and 3. 8%, respectively. Also, there is little variance from the medlan, as illustrated
by the interquartile ranges (Figure 4). For example, the ranges of groundwater inflow and outflow
are the smallest, being 3.1% and 5.0%, respectively. The greatest interquartile range is displayed
by precipitation (12.5%) and surface water outflow (14.9%). The median annual discharge from
‘the lake as evaporation, surface discharge and groundwates flow was 49.6%, 2.4% and 37.8%,
respectively. The points plotted outside of the outer hinge points of box and whisker plotS' on
Figure 4 also shows that the percentage of groundwater outflow and evaporation were abnormally
low in 1974 compared to the other 49 years, and that surface inflow and outﬂow were unusually
high during 1974 because precrpltanon was much greater than normal that year.

The contributions of the various hydrological components of the watershed to the water
balance of Wabamun Lake obtained by this 50 year simulation are essentlally the same those

obtained during the previous 25 year simulation (from 1956 to 1981) by Crowe and Schwartz

~ (1985). For example, the results of Crowe and Schwartz (1985) indicate that the proportion of
groundwater inflow to, and outflow from, the lake varied between 1- 10% and 30-38%,

respectively. The net result of the 25 year simulation is that the median percentages of recharge to

the lake as precipitation, surface water and groundwater are 55.3%, 39.3% and 5.7%,
respectively. Median percentages of evaporation, surface discharge and groundwater outflow are
- 59.6%, 4.3% and 36.2%, respectively. The successful simulation of the surface elevations and the
chemlstry of the lake, and a very close reproduction of the previous hydrological balance for the
lake (Crowe and Schwartz, 1985) with little variation of the original modelling parameters,
indicates that the calibration and verification of the Wabamun Lake watershed system was
successful. Hence, the present model can adequately represent long-term changes to the natural
~ hydrological conditions within the watershed. / ‘

This simulation shows that although Wabamun Lake is dominantly evaporitic, its lovr
salinity is due to two factors. Firstly, most recharge enters the lake as precipitation falling directly
on the lake, or as surface runoff or stream flow during the spring. The quantity of groundwater
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entermg the lake, which is a prmcrple source of dissolved mass, is very low. Thus, groundwater
inflow has a very minor influence on the salinity of Wabamun Lake. Secondly, the salts which
accumulate in the lake water due to evaporation and would otherwise not leave the system via

Wabamun Creek are in fact flushed from the lake as discharge to groundwater, preventing an

increase in the salinity of the lake. -
. The importance of groundwater in the hydrologrcal budget of Wabamun Lake and the

“importance of supplementing the water balance with a chemical balarice can be demonstrated by

undertaking the same simulation, without a groundwater component. In this case, infiltration to the
groundwater system was denied and thus, water which previously entered the lake as groundwater
now enters as surface water inflow. Because water no longer leaves the lake via the groundwater

flow system, the aVailable.discharge will leave Wabamun Lake as either increased evaporation |
from the lake surface or increased surface water outflow, via Wabamun Creek. The following three

scenarios were simulated to illustrate the importance of the groundwater component and are

‘compared to the previous or "best-fit" simulation.

In the first case, the model calculates how much water leaves as evaporatlon and how much

leaves via the surface water outlet. The model routes almost all the available discharge as surface

water outflow via Wabamun Creek. The results of this case show that the simulated fluctuations in

~ the lake-surface elevations (Figure 5a) are different from the simulation with the groundwater

component inchided (Figure 3a). When groundwater is not included, the el¢vation of the lake
surface exhibits little long-term fluctuations, being consistently near 724.5 m amsl, and the
elevations are approximately 5-30 mm above the previous simulated values. Also, the simulated
lake. salinity (Figure 5b) is approximately 75 pS/cm higher than the best-fit simulation (Figure 3b)
during 1989. Discharge through Wabamun Creek often increased by 0.5-2.0 orders of magnitude.
Because surface discharge for Wabamun Creek has been recorded seasonally smce 1969, it is clear
that this discharge dramatically exceeds, the measured values, and hence the excess discharge

‘cannot leave the lake as surface ouiflow.

Because the actual lake evaporation is not known, the uncertamty in the estimates of
evaporation obtamed in the best-fit simulation is larger than for the predicted estimates for surface
dlscharge Itis poss1b1e that the value for evaporation may have been underestimated in the best fit

simulation. Therefore, in this, the second case, -all the former groundwater discharge from |

Wabamun Lake was converted to evaporation. Although this case reproduced the observed lake

levels as well as the best-fit simulation (which includes a groundwater component, Figure 3a), the |

simulated values were 2-3 mm higher. However, the calculated salinity of Wabamun Lake
dramatically increased without the flushing of dissolved mass from the lake via groundwater
(Figure 5b), and had i in fact reached a concentration of over 12, 000 uS/cm by 1989. Therefore, not

all the excess discharge can leave Wabamun Lake as evaporation.
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The third case combines both increased surface discharge and increased evaporation from
Wabamun Lake. Up to 20% of the former groundwater discharge was allowed to leave the lake as

increased evaporation and the remaining excess water was discharged as surface outflow. Evén at
these values, the higher evaporation has mcreased the salinity of the lake by 450 uS/cm (Figure 5b)

by 1989, and surface discharge, while not as dramatically over the measured values, was

" occasionally up to 2 orders of magmtude too high. Again, surface water d1scharge exhibits a strong

influence on the simulated fluctuations in the lake-surface elevations (Flgure 5a). In this case, the

_elevation of the lake surface exhibits. little long-term fluctuations and the elevations are
approximately 5-30 mm above the best-fit values. ' ,

| Therefore, based on _thgresults of these simulations, it is concluded that gmuigdwater is an

integral part of the hydrological balance of Wabamun Lake. These simulations also indicate that

‘while assuming the groundwater contribution to the water balance of a lake can in most cases
reproduce reasonable simulations of the measured lake-surface ﬂuctuauons, the chem1ca1 balance'is
essential in order to accurately and uniquely quantify the contributions from the various hydrologic
~ components of a watershed. |

RESPONSES OF THE WATERSHED TO CLIMATIC CHANGES
The goal of this section is to provide an understandmg of how lake watershed systems
respgnd to long-term changes in climate. The value of modelling the effects of both short-tenn and

~ long-term climatic change on the hydrological balance of a watershed with water balance models

has been recognized (Crdwe‘ and Schwartz, 1985; Gleick, 1986, 1987). _Glcick (1987) used this

technique to provide a valuable assessment of the changes occurring to the water balance of a

watershed due to long-term climatic changes. However, this study did not incorporate a
groundwater component. In contrast to earlier studies, the primary objective of this work is
focused on the impact to both the lake and the groundwater flow regime. The watershed being

studied is the Wabamun Lake watershed. Values assigned to the lake and the watershed, including _

the hydrogeological parameters, are the same as those used to obtain the best-fit simulation to the

1940 - 1989 records of lake-surface elevations and salinity. Becausé we do not know the exact

meteorological events that will occur within the Wabamun Lake watershed in the future, we can not
accurately predict the fature watershed responses. The approach taken in this paper is to examine

how the watershed' would have responded had climatic change occurred during the last 50 years.

Thus, ms1ght into the effects of climatic change on Wabamun Lake can be obtained by comparing
simulated changes to the lake-surface elevauons and salinity of Wabamun Lake to the actual
measured records and the best-fit simulation. Insight into the effects on the groundwater reglme
will been gained by comparmg the following simulations to the best-fit simulation. The best fit
s1mu1aqon, described in the previous sectan will henceforth be referred to as the reference case.
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The effects_ of climatic change are analysed ‘thro,u'gh a sensittvity analysis of the parameters
most likely to change, these being temperature and precipitation. Because potential evaporation is
calculated within the model as a function of temperature, evaporation is implicitly changed as
temperature varies. The simulations undertaken are listed in Table 3. These simulations will

_ examine the effects of (1) an increase in the mean monthly temperature without a change in

monthly precipitation, (2) changes in the total monthly precipitation without a change in monthly

tempera‘ture- and (3) a change in both the monthly 'temper'ature and precipitation.

Effects of Increased - Mean Monthly Temperature '
Th1s first set of simulations is de51gned to mvestlgate the effect of temperature change, and

corresponding change in evaporation, without a change in monthly precipitation, in order to )
‘examine how a small change in temperature can effect the hydrological balance of a watershed.

Although global warming has been speculated to increase temperatures by as much as 5°C, the
maximum increase in the temperature simulated hete is a conservative value of 2°C. The higher
temperature is implemented by simply adding the temperature increment to the current values of
measured mean monthly temperatures. Two cases simulate temperature increases of 19C and 2°C
(Cases 1 and 2, respectively). The results of the simulations are compared to the reference case,

‘which is the best-fit simulation previously discussed. In this way it is possible to hlghhght changes

ifi the behaviour of the watershed caused by a change in temperature.

'In both Cases 1 and 2, the higher temperatures did not significantly alter the elevation of the

surface of Wabamun Lake, but did produce significant increases in the salinity of the lake. The

seasonal and long-t'errn trends in the lake-level fluctuations are essentially the same (Figure 6a) as | '
“the reference case. As temperature inicreases, the overall elevation of the lake decreased sli ghtly by

a maximum of 8-10 fm for Case 2 (Table 4). The salinity of Wabamun Lake contmually increased
during the 50 year simulation period to 1989 maximuims of 650 uS/cm and 930 j1S/cm, for Cases
1 and 2, respectively (Figure 6b), from a value of 490 nS/cm obtained with the refcrence case
during 1989 (Table 4). . '

The relative annual amounts of water flowing into Wabamun Lake as groundwater, surface

_inflow and precipitation, and leaving the lake as groundwater, surface discharge and evaporation,
- calculated for a temperature increase of 1°C or 2°C are not mgmﬁcantly different from the reference
.case. For example, Flgure 6 shows that for a tempexature rise of 20C, the median percentage of

groundwater and sarface water inflow are approximately 1-2% lower and the percentage of
precipitation has increased by only 3-4% from the reference case. Groundwater and surface water
outflow are only_ 1-2% lower and the percentage discharged as evaporation increase by 3%.

“Although the relative contribution to the hydrological balance of Wabamun Lake did not change
. significantly, the interquartile range was notably reduced, by as much as 7% for surface water

{
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- discharge for Case 2. The m§ults of the simulation Case 1 show similar trends; little change in the
relative proportion of the balance components and reduced interquartile range. However, the

changes for Case 1 are, as expected, less than those for the Case 2 simulation.

Although the relative contnbunons of the inflow and outflow components did not change

" s1gmﬁcant1y, the annual volume of water routed through each of the hydrological components did
change from the reference case (Table 5). For example, with a temperature change of 2°C, surface
water inflow and groundwater discharge to the lake exhibited a maximum annual decreased of 39%
and 98%, with medians of 4% and 20% (Figure 7). The greatest annual change from the reference

- case m the volume of water d1schargmg from the lake was evaporatlon which increased. t0.a
maximum of 18% (median of 9%). The annual change in groundwater dlscharge from the lake for
this, and all subsequent cases, was negllglble, and hence these values are not reported in Table 5.
‘A maximum percentage change for surface water discharge is not reported in Table 5 because a
percentage change could not be calculated when flow changed during the same 'year'betwee'n the

reference case and the a present simulation, from a previous value of no flow to a finite value and

vice \}ersa. However, the median change in surface water outflow is reported (Table 5). For Case
2, the amount of surface discharge decreased significantly from the reference case as indicated by
the median value of 36%. The median values for Case 1, with a temperature increase of half of

Case 2, is approximately half that of Case 2. The amount of prec1p1tauon and groundwater outﬂow -

did not change significantlyin either Case 1 or 2. :
As temperature increases, the change to the amount of groundwater flowing into the lake is

considerably greater than the amounts of the other hydrological components, precipitation and

surface inflow, that enter the lake (Table 5). The reduction in groundwater inflow to the lake is due
to reduced groundwater recharge across the watershed because of increased ei;aporation. These
results indicate that the increased evaporation would affect the groundwater flow system to a largcr
extent than the surface water system."’Thi_é could lead to problems relating to groundwater supply.

Because the amount of groundwater inflow to Wabamun Lake, relative to the precipitation and

surface inflow, is very low, Wabamun .Lake will not be significantly affected by a reduction in
groundwater discharge to the lake. However, for lakes in which groundwater is the principle
source of water contributing to the lake, the effects of a reduction of groundwater flow to a lake,

due to increased temperatures, could be significant. The change in groundwater discharge from the-

lake, relative to the reference case, is negligible, and hence long-term increases in temperature will
not affect discharge from a lake. Even though a reduction in the amount of groundwater
| discharging to a lake may not significantly affect the hydrology of the lake, the large reducnon in
groundwater dlscharge, shown in these simulations, is indicative of a substantial reduction in

groundwater recharge throughout the watershed. Hence, groundwater resources within the

watershed may becone seriously depleted before any affect of this is noticed within a lake.
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~ The results of these simulations indicate that while the vol_time of water in Wabamun Lake
is not sensitive to small increases in temperature, the salinity of the lake will increase dramatically
for temperature inCEase as small as 2°C. The cause of this small variatipn in the lake levels is that
although more water is leaving the lake as evaporation, less water is entering the lake as
. groundwater or surface water inflow. This is due to increased evaporation occurring over the eritire
| watershed, and hence, there is less water. available for surface Tunoff and less groundwater
. _recharge (and ulumately groundwater inflow to the lake). The salinity of the lake increases due to
greater evaporation from the surface of the lake at the expense of surface water discharge via
Wabamun Creek. Therefore, as water is lost through evaporation, it does not remove the salts that
would hav‘e been ﬂushed from Wabam‘un Lake as surface discharge. | E

.Effects of Changes to the Total Monthly Precipitation : :

The simulations presented in this section discuss the results of a sensitivity analysis on the
effects of a change in precipitation due to global warming. Although a change in precipitation will
result from an increase in temperature, the simulations undertaken in this analysis were run without
an accompanying temperature change in order provide insight into the behaviour of Wabamun Lake

- and its watershed to long-term changes in précipit‘ation. Three cases are considered here. Cases 3

and 4 simulate a decrease in long-term precipitation by 5% and 10% respectively, from the 1940-

1989 records. A th1rd simulation (Case 5) was undenaken to examme how a 10% increase in
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precipitation would affect the hydrological budget of the watershed. The increase or decrease is- = - |

simulated by multiplying the total monthly precipitation values by the corresponding percentages
All three cases are compared to the reference case (the best-fit simulation).

The effect of a long-tenn decline in precipitation are lower lakefsurface elevatibns and _

greater lake salinity (Figure 8). Although the general trend of lake-surface fluctuations is the same,
the elevation of the surface of Wabamun Lake declined by 7-10 mm and 12-15 mm for Cases 3 and
4, respectively, from the reference case (Table 4). In addition, the peak elevations of the lake
| surface, caused by spring runoff and major storrns', are not as pronounced as in the reference case,
and these peaks decrease as precipitation declines. The salinity of Wabamun lake increases as

| precipitation decrease. For example, with a 10% decrease in precipitation, the salinity reached a.

maximum of 910 pS/cm during 1989, which is a rise of 420 uS/cm from the value simulated
dunng 1989 of the reference case (Table 4). : '

“The relative proportion of groundwater, surface water and precipitation entering Wabamun
Lake on an annual basis are essenti_aily the same as the reference case (Figure 4). The relaﬁire
amounts of groundwater and evaporation leaving the. lake is essentially the same, but as

precipitation declines, a noticeable decline in surface water outflow occurs to satisfy a slight

increase in gmundwater discharge and evaporation. Also, the ranges of annual proportions of these



outflow components are much smaller than the reference case and the range decreases as
precipitation decreases (from Case 3 to Case 4). For example, thé interquartile range is 1%-3% for
- Case 4 (Figure 9) compared to a range of up to 15% in the reference case. As precipitation
increases (Case 5) the relative proportions of the input parameters remains essentially the same, but
surface water discharge increases with a corresponding slight decrease in groundwater outflow and
evaporation. ‘

As precipitation decreases, the actual amount of groundwater, surface water and
precipitation entering the lake declines substantially from the reference case (Table 5). However,
 the relative amount of the inflow and outflow components, with the exception of surface water
discharge, is essentially the same. The variation from the reference case becomes proportionally
greater as the percent charnge in precipitation increases. For example, as the percent change in
_precipitation between Case 3 and Case 4 doubles from 5% to 10%, the volume of precipitation,
groundwater and surface inflow to, and surface water outflow from, the lake, calculated in Case 4
(-37%, -10%, -15% and -59%, respectively) are approximately twice as high as those calculated
for Case 3 (-14%, -5%, -7% and -31%, respectively). As illustrated by Case 5, a 10% rise in
precipitation results in a much greater change in the volume of water discharging from the lake as
surface outflow, than does a corresponding 10% decline in precipitation (Table 5). Although the
median volumes of surface and groundwater inflow are relatively higher and lower, respectively,
than the 10% decline case, the maximum values are much greater (Table 5).

Groundwater inflow to the lake was responsible for the greatest change in ﬁe volume of

flow to the lake. Specifically, groundwater inflow decreased, in both Case 5 and 6, by 2t03 times -

the amount of decrease occurring by either surface water inflow and direct input of precipitation to
the lake (Table 5). A decrease in precipitation results in a significant reduction in the amount of
recharge to the groundwater flow system, which in turn reduces the a‘vailabilit‘y of groundwater
that can discharge to the lake. The change in groundwater discharge from the lake is negligible, and
probably will not change significantly from the reference case until there is a major change in the
elevation of the lake surface.

In summary, the effect of a decrease in precipitation across the watershed is reflected in the
lake by much greater salinity and lower lake-surface elﬁations, and in the groundwater flow

system by much less recharge to the groundwater zone, and herice flow into the lake. The lowering -

of the surface elevation of the lake is due to a decrease in the amount of water that enters the lake,
either directly as precipitation, originating as surface runoff and or groundwater. The salinity of the
- lake increases because a lower surface elevation of the lake causes a considerable reduction in the

surface water discharge via Wabamun Creek, which acts to flush the dissolved salts from the lake,

while evaporation continues to concentrate the salts in the lake. The reduction in precipitation
across the watershed causes less recharge to the groundwater domain, and this in turn is reflected
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at the lake as a substantial reduction in groundwater discharge irito the lake. From this it can be
infetred that a long-term decrease in the amount of precipitation will cause a net reduction in the
groundwater resources of the watershed. As previously noted, the large reduction in groundwater
discharge may be indicative of a substantial reduction in the groundwater resources in the
watershed although this reduction may not be observed as major hydrological changes within the
lake. '

Effects of Changes to Both Temperature and Precipitation

The two previous sections provxded ms1ght into the relative effects of changes to either
precipitation or temperature on the hydrological behaviour of Wabamun Lake and the groundwater
resources within its watershed. The simulations discussed here focus on the combined effects of
'small changes to temperature and precipitation. Again, the three cases presented here are compared
to the reference case. The three cases are (1) an increase in temperature by 0.5°C and a decrease in
precipitation by 5%, (2) an increase in temperature by 1.09C and a decrease in precipitation by 5%,
and (3) an increase in temperature by 1.0°C and a decrease in precipitation by 10% (Table 3).

As expected, as temperature increases and precipitation decreases together (Cases 6, 7 and
8), the change in salinity and the surface elevation of the lake will increase and decrease,
respectively (Figure 10). However, in all cases the long-term and seasonal trends exhibited by the
reference case are maintained. The net effect of increasing temperatiire and decreasing precipitation
is a reduction in the amount of water that recharges the lake by both a reduction in precipitation and
increased evaporation. Evaporation reduces recharge to the lake by reducing both water available
for surface runoff and recharge to the groundwater regime (hence less groundwater discharge to
the lake), and by increasing the loss of water directly from the surface of the lake. Decreased
precipitation will also reduce surface runoff and groundwater recharge, as well as the addition of
water directly to the lake surface. -

The previous simulations showed that a relatively small change in temperature or
precipitation over a long period of time can cause significant changes to the hydrological character
of the lake and its watershed. The combined effects of increasing the mean monthly temperature by
1.0°C and decreasing the total monthly precipitation by 10% over 50 years results in a significant
increase in lake salinity (Figure 10b) and decreasé in laké-surface elevations (Figure 10a) from the
reference case. In general, the relative proportions of the inflow and outflow components, with the
exception of surface water discharge, are essentially the same as the reference case (Figure 4).
Surface water discharge decrease substantially, and as shown by Figure 11, for a 10% reduction in
precipitation and a 1.0°C increase in temperature from the reference case, there is csschtially no
surface water outflow during many years. Also, the mterquartlle range of evaporation,
groundwater-and surface water outflow are 1-2%.
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The changes to the elevation of the lake surface and the lake salinity simulated by Case 8

are, in fact, greater than the combined effects of Case 1 aid Case 4 where the temperature and -

precipitation changes are simulated independently. For example, the increased salinity caused by a
1.0°C rise in temperature, Case 1, and a 10% decline in precipitation, Case 4, are 160 uS/cm and
- 420 pS/cm, respectively, for 1989, (Table 4) for a total salinity change of 580 puS/cm. However,

the change in salinity, as calculated by Case 8, is an increase of 840 uS/cm. Also, the maximum

combined lake-surface elevation decrease as calculated by Cases 1 and 4 is approximately 18 mm,

while that calculated by Case 8is 25 mm (Table 4). The same pattern holds for Case 7, whichisa |

temperature rise of 1.0°C and precipitation declme of 5%, where when the separate temperature
increase (Case 1) and precipitation decrease (Case 3) are combined, the lake-surface elevation and
salinity changes are less than when both changes are simulated sunultaneously (Table 4).

The decrease in the amourit of water recharging the lake can clearly be seen in Table 5. As

the temperature increases and precipitation decreases from Case 6 to 7 to 8, the amount of
groundwater inflow, precipitation and surface water inflow decrease relative to the reference case. -
In fact, these median values double as temperature and precipitation changes concurrently double. .

For example, between Case 6 and 8'(21% to 44% for groundwater, 5% to 11% for precrpltauon
7% to 17% for surface water). The doubling trend i is also evident with evaporatlon and surface
water discharge which increases from 1.6% to 3.4% and 40% to 75%, respectively, (Table 5).
Althou gh the combined temperature and orecipitation change affected both the salinity and surface
elevation of the lake to a larger degree than the sum of individual changes (e.g. Case 8 vs Case 1 +
Case 4), this was not evident in the mean annual percentages changes to the volume of the
hydrological components. For example, the sum of the changes calculated by Cases 1 and 4, for
groundwater inflow, precipitation, surface inflow, surface water d1scharge and evaporation, which
are decrease of 45%, 11%, 18% and .74%, and an mcrease of 3.6%, respectively, are
approximately the same as the results calculated by Case 8 (decreases of 44%, 11%, 17%, 75%
and an increase of 3.4%, for groundwate‘r inflow, precipitation, surface inflow, surface water
outflow and evaporation, respectively).

As noted during the previously sets of sirrlulations, the effects of incre.asing temperature
and decreasing precipitation on the groundwater regime is a decrease in the amount of recharge to
the groundwater system and hence a reduction in groundwater outflow to the lake. Also, the effects
on the groundwater system are greater than on either precipitation or surface runoff. Because the
[-change in the amount of groundwater entering the lake from the reference case is considerably
larger than the sum of changes from the rnd1v1dual climatic effect_s (eg. Case 8 vs Case 1 + Case 4)
it can be inferred that long-term climatic changes affecting both temperature and precipitation will

have a significant impact on the groundwater resources of a watershed. '
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. The results of these three simulations indicate that i mcreasmg temperature and decreasing
precrpltatron together will increase the salinity and decrease the surface elevation of the lake
because less water is able to fecharge the lake (as surface rinoff, groundwater inflow or
precipitation) and more water is removed from the surface of the lake as evaporation. However,

long-term and seasonal trends remain essentially unchanged; A combine temperature rise and ‘
precipitation decline causes the salinity and the surface elevation of the lake to incréase and.

decrease, respectively, at a faster rate than if the correspon‘ding individual changes to t'emperature
and precipitation were sammed. Although the effect on the lake due to a combined climatic change

is greater than the sum of the individual changes, the actual relative changes to the volume of water

- associated with each hydrological components is approximately equal to the sum of the individual
_changes. The impact of a long-term combined. temperature increase and precipitation decrease will

- have a significant impact on the groundwater flow system in terms of both a major reductlon in

recharge to the groundwater regime and avallable groundwater storage.

CONCLUSIONS
A lumped-parameter, lake-watershed model has been used to assess the groundwater
contnbutlon to the water budget of a lake-watershed system located in a Canadian prairie setting.

‘The model successfully simulated the measured lake surface elevations over a period of 50 years, |

and lake water. salinity for 2 years of Wabamun Lake, Alberta. The calibrated model was thien used

to simulate the effects of long-term climatic changes on a lake and its watershed. The simulations
prov1ded a basis for developing preliminary conclusions concerning the impact of climatic change '

on lake-watershed systems. These conclusions can be summarized as follows.

1. Groundwater outflow is the dominant factor maintaining a relanveiy low salinity for Wabarrrun

Lake even though the 50-year median perCentage of water loss through eVaporation is
approximately 60% of the total discharge from the lake. Good agreement could be obtained
between the predicted and measured surface elevations of the lakes when the groundwater
component was not considered, but the simulated salinity of the lake and discharge via

Wabamun Creek differed dramatically from that measured. By simulating the routing of both

water and solutes through all components in the watershed a good agreement between the
meastired lake levels and salinity was obtained, thus quantifying the role of groundwater in the

' hydrological budget of a lake. - ,
2. Long-term changes to temperature and precipitation have the potential to cause dramatic'
changes to the salinity of lakes in a prairie setting, even if these changes are very small (e.g.
temperature increase of 1°C and a decline in precipitation by 5%). Because many of the lakes in

western Canada and the United States are controlled by a fine balance. between precipitation

inflow and evaporative losses, a small increase in evaporation or reduction in precipitation will
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cause a continual increase in the solute content of the lakes as long as the climatic changes are
in affect. Also small changes in temperature cause greatcr changes to the sahnlty of a'lake than ’

10%) and as the relatwe change in temperature and prcc1p1tanon increases, the increase in lake: |

salinity becomes i mcreasmg greater.

. The effect of climatic change on the volume of water in a lake (as reﬂe_c‘t‘cdki by its surface

elevation) is not as subs'tantial' as the resultant changes in the salinity of the lake. However,

_increased evaporation and/or decrcased prcc1p1tat10n over the watcrshed will causc some
decline in the volume of the lake. _
. The climatic changes generally did not result in significant changcs to the relative proportions

of water entering the lake as groundwater inflow, surface water inflow and precipitation, or
leaving the lake as groundwater discharge, surface outflow or evaporation. In fact, the

simulated climatic changes resulted in a decrease in the range over which the 50-year median of '

the annual percentages varied.

.. Although the relative propomons of the hydrologlcal mﬂow and outflow parameters did not

change significantly, the actual volume of water entering and leaving the lake often exhlbxted
very large differences from the reference case. In particular decreasing the amount of water in
the watershed, reduced groundwater recharge and hence groundwater dlscharge from thc lake
to a significantly greater extent than other inflow components.

. Because groundwater recharge is reduced throughout the watershed as tcmperatme" increases
and/or precipitation decreases, the results of the simulations show less discharge to the lake,

and hence, aquifer storage will be reduced. Although it is difficult to simulate the effects of
long-term climatic changes within a groundwatcr flow system, the effects. groundwater-lake
interactions provide insight into these possible changes. The potcntlal ‘changes include (1)
groundwater storage in the watershed will be reduced significantly, (2) if the quality and

 quantity of water is largely controlled by groundwater recharge, the reduction in groundwater
storage will’ ultirnately rcdnce the size of the lake and increase its salinity, 3) wherc _
_groundwater flow systems are largely controlled by recharge from lakes, climatic change will '
have a ncgligihlc affect on the groundwater flow as long as there is not 2 major change in the

elevation of the surface of the lake. '

REFERENCES

Alberta Envnonment 1982, File summary for Wabamun Lake, Watcr Resourccs Management

Division, Edmonton chlon.

Anderson, M.P. and J.A. Munter, 1981, Seasonal reversals of groundwatcr flow around lakes and

the relevance to stagnauon points and la.kc budgets, Water Rcsour Res 17:1139-1150. -

21



Belanger, T.V. and D.F. Mikutel, 1985, On the use of seepage meters to estimate groundwater |

nutrient loading to lakes, Water Resour. Bull., 21:265-272.

Brock, T.D., D.R. \Lcev, D. Janes and D. Winek, 1982, Groundwater seepage as a nutrient source
. toadrainage lake; Lake Mendota, Wisconsin, Water Res., 16:1255- 1263. '

Cher_kauer,'D.-A. and I.M. McBride, 1988, A remotely operated seepage meter for use in large -

lakes and rivers, Ground Water, 26:165-171.

Chcfkauer, D.S. and D.C. Nader, 1989, Distribution of groundwater seepage to large surface-
water bodies: the effect of hydraulic heterogeneities, J. Hydrol., 109:-1515165.

Cohen, S.J., Impacts of CO,-induced climatic change on water resources in the Great Lakes basin,

Climatic Change, 8:135-153.

Cole, J.J. and S.G. Fisher, 1979, Nutrient budgets of a temporary pond ccosystem,'Hydrobiol,_,
: 63:213-222. . :

Cook, G.D., M.R. McComas, D.W. Waller and R.H. Kennedy, 1977, The occurrence of internal
phosphorus loading in two small, eutrophic, glacial lakes in northeastern Ohio,
Hydrobiol., 56:129-136.

Crawford, N.H. and R.K. Linsley, 1966, Digital simulation in hydrolo’gy: Stanford Watershed
Model IV, Dept. Civ. Eng, Technol. Rep. 39, Stanford Univ., Stanford, Calif. ‘

Croley II,8T.E., 1983, Great Lake basins (U.S.A.-Canada) runoff modeling, J. Hydrol., 64:135-
158. _ S

Crowe, A.S. and F.W. Schwartz, 1981a, Simulation of lake-watershed systems: 1.“I)escription
and sensitivity analysis of the model, J. Hydrol., 52:71-105. '

Crowe, A.S. and F.W. Schwartz, 1981b, Simulation of lake-watershed systcins: 2. Application to

Baptiste Lake, Alberta, Canada, J. Hydrol., 52:107-125.

Crowe, A.S. and F.W. Schwartz, 1985, -Application of a lake-watershed model foxj the

determination of water balance, J. Hydrol., 81:1-26. -
. \
Dooge, J.C.I, 1960, The routing of groundwater recharge through typical elements of linear
storage, Int. Assoc. Sci. Hydrol. Gen.- Assem., Helsinki, Int. Union Geod. Geophys.,
Publ. No. 52, pp. 286-300.

Enell, M., 1982, The phosphorus économ'y of a hypertrophic scepé-ge lake in' Scania, south
Sweden, Hydrobiol:, 86:153-158. S ‘

Fritz, P. and H.R. Krouse, 1973, Wabamun Lake pas_tvand present, an isotopic study of the water

- budget, in Proc. Sympos. on the Lakes of Western Canada, ed. E.R. Reinelt, A.H.
Laycock and W.M. Schultz, Univ. Alberta Water Resour. Cent. Publ. 2, Edmonton,
- Alberta, pp. 244-259. - :

Gleick, P.H., 1986, Methods for evaluating the regional hydrologic impacts of gldbal climatic

changes, J. Hydrol., 88:97-116.

22



Gleick, P.H., 1987, The development and testing of a water balance ‘model for climate 1mpact 4

assessment: modeling the Sacramento Basin, Water Resourc. Res., 23:1049-1061.

Gray, D.M., G.A. McKay and J.M. Wigham, 1970, Energy, evaporation and evapotranspiration, -

In: D M: Gray, (editor-in-chief), Handbook on the Principles of Hydrology, Sect. III,
Water Inform. Cent., Port Washington, N.Y.

Hess, P.J., 1986, Groundwater use in Canada 1981. National Hydrology Research Institute Paper
No. 26, Inland Waters Directorate Technical Bulletin No. 140, National Hydrology
Research Institute, Environment Canada, 43pp.

Jaquet, N.G., 1976, Ground-water and surface-water relationships in the glacial province of
northern Wisconsin - Snake Lake, Ground Water, 14:194-199.

Karl, T.R. and W.E. Riebsame, 1989, The impact of decadal fluctuations in mean precipitation

and temperature on runoff: a sensitivity study over the United States, Climatic Change,
15:423-447. v

Kamauskas, R.J. and M.P. Anderson, 1978, Ground-water lake relat‘ionship‘é and ground-water
quality in the sand plain province of Wisconsin - Nepco Lake, Ground Water, 16:273-281.

Lee, D.R., 1976, The role of groundwater in eutrophlcanon of a lake in glacial outwash terrain,
Int J. Speleol., 8:117-126.

Lee, D.R,, J.A. Cherry and J.A. Pickens, 1980, Groundwater transport of a salt tracer through a
sandy lakebed, Limnol. Oceanogr., 25:45-61.

Lee, D.R., 1980, Groundwater - solute influx, Limnol. Oceanogr., 25:183-186.

Lettenmaier, D.P. and T.Y. Gan, 1990, Hydrologic sensitivities of the Sacramento-San Joaquin
River basin, California, to global warming, Water Resourc. Res., 26:69-86.

Lock, M.A. and P.H. John, 1978, The measurement of groundwater discharge into a lake by a
direct method, Int. Revue ges. Hydrobiol., 63:271-275.

Loeb, S.L. and C.R. Goldman, 1979, Water and nutrient transport via groundwater from Ward
Valley into Lake Tahoe, Limnol. Oceanogr., 24:1146-1154.

Manabe, S. and T. Delworth, 1990, The temporal variability of soil wetness and its impact on
climate change, Climate Change, 16:185-192.

Manabe, S., R.T. 'Wetherald and R.J. Stouffer, 1981, Summer dryness due to an increase in
atmosphenc carbon dioxide, Science, 232: 626—628

Manabe, S. and R.T. Wetherald, 1986, Reductlon in summer soil wetness 1nduced by an increase
| of atmospheric CO, concentrations, Climatic Change, 3:347-386.

McBndc, M.S. and H.O. Pfannkuch, 1975, The distribution of seepage within lakebeds, J. Res.
U.S.G.S., 3:505-512.

Munter, J.A. and M.P. Anderson, 1981, The use of ground-water flow models for esﬁmating lake
seepage rates, Ground Water, 19:608-616.

23



Némec, J. and J. Schaake, 1982, Sensitivity of water resource systems to climatic variation,
Hydrol. Sci., 27:327-343.

| Nursall, J.R., J.B. Nuttall and P. Fritz, 1972, The effect of thermal effluent in Lake Wabamun,
Alberta, Verh. Internat. Verein. Limnol., 18:269-277.

Pfannkuch, H.O. and T.C. Winter, 1984, Effect of anisotropy and groundwater system geometry
on seepage through lakebeds; 1. Dimensional and analog analysis, J. Hydrol., 75:213-237.

Revelle, R.R. and P.E. Waggoner, 1983, Effects of a carbon dioxide-induced climate change on
water supllies in the western United States, In, Changing Climate, Nat. Acad. Sci. Press,
-Washington, D.C., pp. 419-431. : :

‘Rhinaldo-Lee, M.B. and M.P. Anderson, 1980, High water lcveis in ground-water dominated
lakes - a case study from northwestern Wisconsin, Ground Water, 18:334-339.

Schwartz, F.W. and D.N. Gallup, 1978, Some factors controlling the major ion chemistry of
small lakes: examples from the prairie parkland of Canada, Hydrobiol., 58:65-81.

Schwartz, F.W. and A.S. Crowe, 1985, Simulation in changes in groundwater levels associated
with strip mining, Geol. Soc. Am. Bull., 95:253-262.

Smit, B., M. Brklacich, R.B. Stewart, R. McBride, M. Brown and D. Bond, 1989, Sensitivity of
crop yields and land resource potential to climatic change in Ontario, Canada, Climate
Change, 14:153-174. . ’ ,

Steenbergen, C.L.M. and H. Verdouw, 1982, Lake Vechten: aspects of its morphometry, climate,
hydrology and physico-chemical characteristics, Hydrobiol., 95:11-23.

Thornthwaite, C.W., 1948, An approach towards a rational classification of climate, Geogr. Rev.,
38:55-94.

Thornthwaite, C.W. and J.R. Mather, 1955, The water balance, The Drexel Institute of

Technology, Laboratory of Climatology Publ. No. 8, 106pp. - -

Toth, J., 1978, Gravity-induced cross-formational flow of formation fluids, Red Earth region,
Alberta, Canada: Analysis patterns and evolution, Water Resour. Res., 14:805-843.

Wigley, T.M.L. and P.D. Jones, 1985, Influences of precipitation changes and direct CO, effects
on streamflow, Nature, 314:149-152.

Winter, T.C., 1978, Ground-water component of lake water and ‘nu_tﬁ,el-l.t budgets, Verh. Internat.
Verein. Limnol., 20:438-444. ,

Winter, T.C., 1978, Numerical simulation steady state three-dimensional groundwater flow near |

lakes, Water Resour. Res., 14:245-254,

Winter, T.C., 1981a, Uncertainties in estimating the water balance of lakes, Water Resour. Bull.,
17:82-115.

Winter, T.C., 1981b, Effects of water-table configuration on seepage through lakebeds, Limnol. |

Oceanogr., 26:925-934. '

24



| S | 25

~ Winter, T.C. and H.O. Pfannkuch, 1984, Effect of anisotropy and grdundwater system geometry
on seepage through lakebeds: 2. N umerical simulation analysis, J. Hydrol., 75:239-253. -

Winter, T.C., 1986, Effect of ground-water recharge on the con_ﬁguratién of the water table
beneath sand dunes and on seepage in lakes in the Sandhills of Nebraska, U.S.A., J.
‘Hydrol., 86:221-237. ' , -

)
/



- Table 1. Characteristics of Wabamun Lake and its watershed.

u 488 mm . :
: - mean total annual potential evaporation

534 mm
-15.3°C

© 16.6°C
418.2 km?
724.7 m amsl

77.7 km2

11.0m

6.5 m
503x106 m3
400 uS/cm

mean total annual precipitation

mean minimum monthly temperature
mean maximum monthly temperature

area of the watershed (including the lake)

mean lake surface elevation

surface area of Wabamun Lake
maximum depth of Wabamun Lake -,
mean depth of Wabamun Lake

lake volume

1 - average specific conductance of the lake
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Table 2. Groundwater storage elements for the Wabamun Lake watershed.

mean speciﬁc

hydrostratigraphic unit
T conductance (uS/cm)
dll ' 880 ,
alluvium o 800
sandstone above coal (N of lake) 635
sandstone above coal (S of lake) 1120
coal (N and S of lake) 1075
- sandstone/shale below coal (N of lake) 1370
1370

sandstone/shale below coal (S of lake)

27



Table 3. Simulations undertaken to examine the effects of climatic change.

.Casc

Temp. change Precip. c}hangc ‘
reference case no change no change -

1 | T=T+1.00C . no change

2 T=T+2.00C no change

3 .. " nochange P=95%¢+P

4 ~ no change P=90%«P
5 no change | P=110%<P

6 T=T+05°C P=95%.P

7 T=T+ 1.00C . P=95%-P

8 T=T+1.00C . P=90%-P
)

P
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‘Table 4. Simulated changes

to the sm'face‘élévaﬁon and salinity of Wabamun Lake due to climatic -

-8 to -25

change.
Case simulated 1989 ~ change in salinity change in surface elev.
- lake salinity from 1989 of best fit - from 1989 of best fit
- (uS/cm) (uS/cm) - (mm) -
reference case 490 - -
1 - 650 +160 <l -3
2 . 940 +450 - -8 to -10
3 650 +160 -7 to -10.
4 910 +420 -12 to -15
5 5 340 -150 +8 to +12
: 6 740 +250- -4 to -10
7 900 - +410 -8 to -20
8 1330 +840
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Table 5. Percent changes to amoﬁnt'of water contributin g to the hydrological balance of Wabamun
Lake due to climatic change from the reference case (-ve and +ve refers to a decrease or -
increase from the best-fit simulation).

% AGWj, % AP - % ASW;, % AE % ASW ¢

Case max. median | max. median | max. median _max. median | max. median
1 976 -15 | -14 03 [-17.5 -2.6 | +8.7 +42 | * -152
2 980 -199 | -09 -02 | -392 -4.0 |+140 +86 * 362
3 977 -139 | 59 53°|-232 72 | +1.1 +04 | * .311
4 -99.6 -374 | -11.5 -10.6 .| -33.9 -153 | -1.4 -0.6 * 502
5 |[+2699 +29.5 | +11.3 +10.6 | +47.9 +189 | -0.8 -0.3 * +111.0
6 -99.6 -21.0 | -62 -54 | -304 74 | 423 +1.6 * .396
7 | 996 -298 | -63 -54 | -304 -104 | +7.6 +38 | * -486
8 -99.9 -439 | -12.0 <107 | -36.4 -16.8 | +7.0 +3.4 * . .74.8

* % éhange from SWOUT of the reference case to SWOUT of each éasc is undefined. =
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Fig.
Fig.

Fig.
Fig.
Fig.
| Fig.
Fjg.
Fig.
Fig.
Fig.

Fig.

v FIGURES
1. Location of the Wabaniun'Lake watershed.

2. Schematic illustration of the components arid processes simulated by the lake-watershed -
- model. ‘ : :

3. Comparison between the measured and simulated values of (a) surface elevations and (b)
the salinity, of Wabamun Lake from 1940 to 1989: best fit simulation. , :

4. Annual relative amouh;s of inflow to; ahd outflow from, Wabaxnun Lake, and statistics on. -

the long-term hydrological balance.

5. Comparison between the measured and simulated Valués of (a)jsuxface elevations ai_ld- (b)
the salinity, of Wabamun Lake from 1940 to 1989; without considering groundwater. '

6. Comparison between the measui'ed and simulated values of (a) surface elevations and (b)
the salinity, of Wabamun Lake: only a long-term temperature change.

7. Annual relative amounts of inflow to, and outflow from, Wabamun Lake, and statistics on
the long-term hydrological balance, effect of a 2°C rise in temperature. .

8. Comparison between the measured and simulated values of (a) surface elevations and (b)
the salinity, of Wabamun Lake: only a long-term precipitation change. ’
' ‘ ' : o ' , o
9. Annual relative amounts of inflow to, and outflow from, Wabamun Lake, and statistics on
the long-term hydrological balance, effect of a 10% decline in precipitation. '

10. Comparison bétween the measured and simulated values of (a) surface elcvatibns and (b)
the salinity, of Wabamun Lake: both a long-term temperature and precipitation change.

11. Annual relative amounts of inflow to, and outflow from, Wabamun Lake, and statistics
on the long-term hydrological balance, effects of a 1°C increase in temperature and a 10%
decline in precipitation, : : '
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Think Recycling!

Pensez a Recycling!






