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Abstract. In the threshold of the appearance of global warm-1 Introduction
ing from theory to reality, extensive research has focused

on predicting the impact of potential climate change on wa-Tne Great Lakes of North America, namely Lake Superior,
ter resources using results from Global Circulation Mod- 1y;ron Michigan, Erie and Ontario, represent one of the most
els (GCMs). This research carries this further by statisticalimportam water resources in the world, and provide water
analyses of long term meteorological and hydrological datasg, multipurpose for more than fifty million people in east-
Seventy years of histori_cal trends in precipitation, temper-qry North America. Combined, the Great Lakes and their
ature, and streamflows in the Great Lakes of North Amer-connecting channels comprise the largest fresh surface wa-
ica are developed using long term regression analyses ang, system on earth (Fig. 1a), holding approximately 20 per-

Mann-Kendall statistics. The results generated by the tWO.ant of the world’s fresh surface water supply (D&L2000:
statistical procedures are in agreement and demonstrate thaf; |\ 2005).

many of these variables are experiencing statistically signif- o .
icant increases over a seven-decade period. The trend Iin%s As an indication of the enormous size of the lakes, the es-

. . . E:]S -
of streamflows in the three rivers of St. Clair, Niagara and |mate.d' cumulative VOI.U me of th_e_ﬂve lakes is (Six
St. Lawrence, and precipitation levels over four of the five quadrillion) gallons which is sufficient water to flood North

Great Lakes, show statistically significant increases in ﬂowsAmerlca to an average depth of 1F"- Of the Lgkes, the
and precipitation. Further, precipitation rates as predicted us[nOSt upstream, largest, and deepestis Lake Superior (Hunter,
ing fitted regression lines are compared with scenarios fromlg%)'

GCMs and demonstrate similar forecast predictions for Lake The diversity of uses and the magnitude of the Great Lakes
Superior. Trend projections from historical data are highersystem interactions are testimony to the enormous impor-
than GCM predictions for Lakes Michigan/Huron. Signifi- tance of this freshwater system. However, the Great Lakes

cant variability in predictions, as developed from alternative basin represents a drainage area of 770 0Cbikrtne United
GCMs, is noted. States and Canada (Croley, 1990). Since the water surface

area is 244 000 ki(US EPA, 2005); it follows that the Great
Given the general agreement as derived from very differeni_akes drain land areas only twice that of their surface area.
procedures, predictions extrapolated from historical trendgt should be noted that there are no major storage reservoirs
and from GCMs, there is evidence that hydrologic changesmpounding water beyond the Lakes themselves and the de-
particularly for the precipitation in the Great Lakes Basin tention times of the lakes (as per Table 1) are enormous. Ac-
may be demonstrating influences arising from global warm-cording to Allan and Hinz (2004), “components of stream
ing and climate change. flow may have changed over the course of the 20th Century
due to natural events, including a wetter or drier climate, and
to human influences, including dams and changing land use”.

As a consequence of the above, the lengthy record of
historical data allows assessment whether there are stresses

Correspondenceto: E. McBean acting on the Lakes, indicating long term change. Specifi-
BY (emcbean@uoguelph.ca) cally, global climate changes may be occurring, resulting in
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I: St. Mary’s River

II : St. Clair River

III : Niagara River

IV : St. Lawrence River

Table 1. Retention times for the Great Lakes.

Individual Lake Rank in World Retention Time (yearB)
by area by volume

Superior 2 4 191
Michigan 4 6 99
Huron 5 7 22
Erie 11 - 2.6
Ontario — 12 6

Sources? Beeton (2002) anfl USEPA (2005).

curring. To address this issue, investigation procedures de-
scribed herein include assessment of possible climate change
impacts on the Great Lakes by:

Fig. 1a. The Great Lakes Basin in North America. (i) a review of historical trends of precipitation, temper-
atures and flows, and extrapolation of these historical
trends to assess potential future scenarios; and,

_ Distribution of stations for period 5: 19621990 (i) estimation of the hydrologic impacts of climate change
using global climate models (GCMs).

510N e Basin Boundary
Station_Location

1971 STATIONS This paper utilizes both (i) and (ii) items, to provide in-
sights into projected future possibilities for the Great Lakes.

Latitude

2 Global climate change and climate change models

Trace constituents within the atmosphere, particularly water
vapour, carbon dioxide, methane and ozone, function much
6N : like a “thermal blanket” around the earth. These constituents,
98 W 93 W ww EW W L commonly referred to as greenhouse gases, collectively total
] less than one percent of the atmosphere, but are extremely
important in retarding the release of heat energy from the
earth back into space. This natural “greenhouse effect” keeps
the earth’s average surface temperatures approximatey 30
warmer than simple radiation physics would suggest for a
changes in precipitation, temperature, and flows, in terms ofransparent atmosphere.
the water budget for the Great Lakes. IPCC (1996 and 2002) reported that the current scien-
As a result of the size of the Lakes, there is continuing po-tific estimate of the chemical composition of the atmosphere
tential for water diversions to be constructed to divert flow clearly indicates that concentrations of principal greenhouse
from the Great Lakes, to export water to dry areas of Northgases are increasing rapidly, and appear already to exceed
America such as the mid-western states of the USA (e.g. Dulsignificantly, peak concentrations of the past 160 000 years.
mer et al., 2003). Hengeveld (2000) stated that although the paleoclimatologi-
As aresult of the above, while there are enormous volumesgal and historical record trends are helpful to understand the
of water in the Great Lakes, the relatively modest contribut-cause and effect relationships within the climate system, cli-
ing drainage areas translate to enormous detention times fanatologists still turn to computer simulations or Global Cli-
the Great Lakes, as summarized in Table 1. Hence, while thenate Models (GCMs) to assess the global scale response of
dimensions of the Great Lakes imply at first “glance” that the system to changes in radiative forcing functions. These
they might support diversion of large quantities of water outmodels are based on fundamental principles of physics and
of the watershed, any changes arising from climate changare being tested against climate observations, to assess their
or water diversions may create long-term repercussions ombility to simulate adequately, the global climate change sys-
water levels and water budgets. The result is an enormoutem. A number of these models have been developed and
need to understand the extent to which climate change is ocdsed for predicting climate changes.

Fig. 1b. Distribution of stations in the Great Lakes basin between
1962-1990.
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The most frequently employed GCMs include the God- dence) has been described widely by Baren (1994). In this
dard Institute for Space Studies (GISS) after Hansen etesearch, the long-term memory has been investigated using
al. (1983), Geophysical Fluid Dynamics Laboratory (GFDL) autocorrelation function coefficient (AFC) as described later.
after Manabe and Weatherald (1980) and Canadian Climate Specifically, in the Great Lakes Basin, both empirical and
Centre (CCC) after Boer et al. (1992, 2000). Gleick (1986, aerodynamic techniques have been used to estimate evapora-
1987) has indicated that the regional hydrologic impacts aristion, and studies conducted by Cohen (1986, 1990), Sander-
ing from the GCMs are not reliable at a regional scale for hy-son (1987), and Croley (1990, 2004) have found that evapo-
drologic variables and suggests that it is necessary to coupletion would be significantly increased under climate change
the climate models’ scenarios with an hydrologic model toscenarios. Sanderson and Smith (1990, 1993) used the
approximate the impact of climate change on regional wateiThornthwaite model and Smith and McBean (1993) used the
resources. HELP model and predicted twenty to thirty percent increases

As an example, one of the future climate model scenar4n potential evaporation and approximately a 15% increase in
ios that have been developed is a doubling of atmospheri@actual evaporation to occur.
carbon dioxide which has been predicted to occur in the Chao (1999) conducted an assessment of the Great Lakes
mid 21st century. The concern is that the increasing carbotwater resources impacts under transient climate change sce-
dioxide concentrations in the atmosphere in the last thirtynarios by an integrated model linking empirical regional cli-
years (which have been documented), will result in increasednate downscaling, hydrologic and hydraulic models, and
warming of the earth’s surface. This paper is not focused onGCMs. The transient scenarios show that in the near-term
the GCMs but instead focuses on measurements and statiapproximately 20 years) significant changes could occur.
tical trend characterizations over time, for the precipitation, Ferris (2005) showed that increased winter and summer air
temperatures, and flows. For more details about the GCMstemperatures appear to have the greatest influence on ice for-
interested readers are referred to the reference materials idemation. The twenty year trend line of the ice duration (1970—
tified herein. 1990) on the Great Lakes demonstrated ice formation on the

Great Lakes will continue to decrease in total cover if the

predictions of global atmospheric warming are correct.
3 Assessment of historical trends In addition to the above, the latest IPCC assessments (1996

and 2001) indicate there will be an increase of 1.5 t6@.5
Analysing the long-term series data for predicting the influ- iy global mean temperature, and a 3 to 15 percent increase
ence of potential climate changes is an important applicationn precipitation in response to climate change. Also, the first
of statistics in recent researches. Dettinger (2005) has anabhase of the IPCC (2007), written by more than 600 scien-
ysed an historical record of fifty years data to obtain a per-tjsts and reviewed by another 600 experts and bureaucrats
spective on flood-generating winter storms in the Americanfrom 154 countries, predicts hotter weather and higher sea
River basin. He concluded that the risks for flood generationeye| increases in the future. Predictions for the future of
in the Amel’ican River are Considerable. Hanson et al. (2004b|0ba| Warming in the report are based on 19 Computer mod_
presented a methodology to assess the relationships betwegps apout twice as many as in the past (IPCC, 2007).
climate variability and variations in hydrologic time series | 2001, the panel said the world’s average temperature
in the southwest United States. To demonstrate the applicayoy|d increase somewhere between 2.5 and 10.4 degrees
tion of their method, they analyzed six hydrologic time-series ahrenheit (1.4 and 5.7 degrees Centigrade) and the sea level
from the Mojave River Basin, California. Their results indi- \yould rise between 4 and 35 inches (10-90 cm) by the year

cated that climate variability exists in all of the data types 2100, The 2007 report will likely have a smaller range of
and are partially coincident with known climate cycles such yympers for both predictions (IPCC, 2007).

as the Pacific Decadal Oscillation and the El Nino—Southern
Oscillation. 3.1 Historical data assembles and data quality
Montanari et al. (1996) analysed six temporal meteorolog-
ical series data observations to detect the presence of longor this research, mean monthly and mean annual data se-
memory and linear trends to predict the effects of potentialries for overlake air temperature, overlake precipitation data
climate change in the cities of Rome and Parma in ltaly.for the individual Great Lakes and the flow data for their
Their results indicated that a decreasing trend, although notonnecting channels (St. Mary’s River, St. Clair River, Ni-
statistically significant, is present in all six records and thatagara River, and St. Lawrence River as indicated in Fig. 1)
long-term memories are significant in only two series. were obtained from the Great Lakes Environmental Research
Recently Wang et al. (2007) have evaluated Lo’s R/S tests|.aboratory (GLERL) of the National Organization for At-
GPH test and the maximum likelihood estimation methodmospheric Administration (NOAA-2004). The Great Lakes
implementing in S-Plus (S-MLE), through intensive Monte Environmental Research Laboratory (GLERL) developed a
Carlo simulations for detecting the existence of long-termproject, under the Environmental Research Laboratories En-
memory. The subject of long memory (or long-range depen-dangered Data and Increased Access Program, funded under
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242 E. McBean and H. Motiee: Impact of climate change on water resources

the National Environmental Satellite and Data Information is that they present more normality (Sales, 1993). As a re-
Service’s Earth System Data and Information Managemensult, the mean annual magnitudes are appropriate to give an
Program, to develop and archive these lengthy records of hyestimation of the hydrologic parameters for the future.
drologic data for the Great Lakes.

According to Quinn (1983) and Hunter (1993), these data3-2 Trend characterization methodology
were quality controlled for data reduction errors and origi-
nal data input errors (such as typographical errors but not for-2-1  Mann-Kendall test
observer errors) combining with existing National Climatic
Data Center (NCDC) digital monthly precipitation data from
1948 to 1990 for the stations in Minnesota, Wisconsin, llli-
nois, Indiana, Michigan, Ohio, Pennsylvania, and New York,

There exist a number of parametric and nonparametric meth-
ods commonly used for detection of trend (McBean and
Rovers, 1998). The non-parametric Mann-Kendall test,
which is commonly used for hydrologic data analysis, can
De used to detect trends that are monotonic but not neces-

extend the period of record (now until year 2000.)' sarily linear. The null hypothesis in the Mann-Kendall test
A report prepared by Assel et al. (1995) describes the pro- :
; is that the data are independent and randomly ordered. The

cedures, equipment, and software used to abstract, reduc

and quality control the data. Overlake precipitation and tem_ﬁ/lann-Kendall test does not require the assumption of nor-
9 y . precip mality, and only indicates the direction but not the magnitude

erature data are estimated from the records of 3447 stations, .7’ ... )
(pAsseI et al.,, 1995), among them 1971 stations were develéf significant trends (USGS, 2005; Helsel and Hirsch, 1992).
§ ! The Mann-Kendall procedure was applied to the time se-

oped petween 1992 to 1995 (Flg.' H.))' According '.[0 Allan ries of annual precipitation, annual mean temperature, and
"’?”d Hinz (2004), “The chargctenzaﬂon of flow regimes of the average annual flows. The computational procedure
rivers of the Great Lakes basin employed a total of 425 939€%r the Mann-Kendall test is described below (e.g. also see

(259in U.S.,, 166 in Ontario)". Adamowski and Bougadis, 2003). Let the time series consist

2000 rom all avaiable daly data from stations in the Ban O1" G818 Points and; and7; are two sub-sets of data where
y i=1,2, 3, ...n—1 andj=i+1, i+2, i+3, ...,n. Each data

or within approximately 0-30km of the basin, depending point 7; is used as a reference point and is compared with all

upon the station density near the edge of the Basin. This dis: . )
.__theT; data points such that:
tance was chosen to assure that the same non-zero Thiessen

weights are obtained as if no stations were eliminated. Sta- 1 for T)T;
tion data for the U.S. were obtained from the National Cli- sign(7)={ 0 for T;=T; (1)
matic Data Center and station data for Canada were obtained ~-1 for Ti(T;
from the Atmospheric Environment Service (Assel et al.,
1995). The Kendall’s S-statistic is computed as:
These data have been spatially-weighted using the mod- ,_; ,
ified Theissen weighting approach (Croley et al., 2004).5 — Z Z Sign(T;—T;) 2
As cited in Croley et al. (2004), Quinn and Norton (1982) i=1 j=it1

computed 1930-1947 monthly precipitation using 5-km grid _ L ! )
while Croley et al. (2004) used 1-km grid. For the current The variance for the S-statistic is defined by:

study, the precipitation data were extracted for the period of nooo .
1930-2000. n(n—12n+5 -3 () — D2 +5)
For the Great Lakes, mean monthly and mean annual overs? = i=1 3)

lake air temperature data are available for the period 1948— 18

2000 (NOAA, 2004). For the streamflows, according to Cro- in which#; denotes the number of ties to exténfThe sum-
ley et al. (2004), Lake outflows are determined by direct mea-mation term in Eq. (5) is only used if data series contains
surement (for Lakes Superior and Ontario), stage-dischargéied” values. The test statisti;, can be calculated as:

relationships (for Lakes Michigan, Huron, and St. Clair), or a
L . . L S—1D/o for §)0
combination (Lake Erie) and are considered accurate within, _ 0 for S=0 4)
5%. For this research, the mean annual flow data were ex-" (S+1)/c for S(0
tracted for the period of 1930-2000 to coincide with the pre-
Cipitation records. Z, follows a standard normal distribution. Equation (6) is

It is noted that a seasonal analysis might also be infor-useful for record lengths greater than 10 and if the number
mative. However, as a preliminary study the mean annuabf “tied” data is low (Kendall, 1962). The test statistic,
data have been chosen, to avoid of the problem of seasonais used as a measure of significance of trend. In fact, this
ity, avoiding production of errors due to the values of zero test statistic is used to test the null hypothegis; There is
or negative in the data series particularly in the temperaturesno monotonic trend in the data. |IZ]| is greater thar¥, 2,

As well, the advantage of the annual hydrologic time serieswherex represents the chosen significance level (usually 5%,

Hydrol. Earth Syst. Sci., 12, 239-255, 2008 www.hydrol-earth-syst-sci.net/12/239/2008/
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with Zg 025=1.96), then the null hypothesis is invalid, mean-
ing that the trend is significant.

For use herein, we have used two programs, MINITAB
software for calculation of the autocorrelation function coef-
ficient (AFC) between the series with a lag one autocorrela-
tion coefficient k), and the second, Trend software to calcu-
late the Mann-Kendall magnitudes §fand Z (after Chiew
and Siriwardena, 2005).

In this research, first the Mann-Kendall trend test proce-
dure was used to detect the probability of the positive trends
between the hydrologic variables. In the next step, the sim-
ple regression analysis technique is used to test the slopes of
the trend lines, estimation of the prediction value in future,
and confidence intervals for precipitation, temperature and
streamflows.

3.2.2 Regression model test

One of the most useful parametric models to detect the trend
is the “Simple Linear Regression” model. The model Yor
(e.g. precipitation) can be described by an equation of the
form:

Y=aX+b (5)

where, X=time (year)a=slope coefficients; and=least-
square estimates of the intercept.

The slope coefficient indicates the annual average rate of
change in the hydrologic characteristic. If the slope is statis-
tically significantly different from zero, the interpretation is
that it is entirely reasonable to interpret there is a real change
occurring over time, as inferred from the data. The sign of
the slope defines the direction of the trend of the variable:
increasing if the sign is positive, and decreasing if the sign is
negative.

The method of linear regression requires the assumptions
of normality of residuals, constant variance, and true
linearity of relationship (Helsel and Hirsch, 1992).In this
regard, checking the normality of the data has been done by
a special test for normality by using the Ryan-Joiner method
(Devore, 2004). The test of Ryan-Joiner can be carry out by
MINITAB software by calculation of the Ryan-Joiner (RJ)
coefficient. This coefficient will be compared by another
coefficient named Ca. If R-J's coefficient is greater than Ca
then the null hypothesis of normality cannot be rejected. The
coefficient of Ca depends on the number of the data and the
significance levels o&. The values of Ca can be find in the
reference of Devore (2004).

Evaluation of the Results

There are different ways to evaluate the significance of
the results such as confidence limits at 95% levels, sample

correlation, R-square and P-value. All these values were —

calculated in the trend line of this research.

www.hydrol-earth-syst-sci.net/12/239/2008/
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— The 95% confidence interval of the slope is a range of

values, as is the 95% confidence interval of the inter-
cept. Linear regression can also combine these uncer-
tainties to graph a 95% confidence interval of the re-
gression line. The best-fit line is solid, and the 95%
confidence interval is shown by two curves surrounding
the best-fit line in the figures which follow.

For a population with a sample sizerof the confidence
interval was calculated by the procedure outlined in De-
vore (2004):

AN
Y £ta/2,0-2) SQ (6)

A
where Y is the mean value of observationS, the
Y

A
estimated standard deviation of the statispic and
tw/2,n—2) @ critical value for a 95% confidence level.

The plotting of the confidence interval for the regres-
sion line shows that the Cl is centered at the mean of
X, namely Xmean and extends out to each side by an
amount that depends on the confidence level with a hy-
perbolic form. This means that the confidence interval
depends on the value . The farther the value of

X departs fromXmean the larger is the confidence in-
terval (Devore, 2004). It should be noted that in the
presence of autocorrelation, the confidence intervals of
the slope of the regression line may widen significantly.
Therefore, a slope that is statistically significant under
the hypothesis of uncorrelated data may become not sig-
nificantly different from zero if correlation is properly
taken into account.

In addition, in many applications one wishes to predict
the value of a variable to be observed at some future
time, and obtain an interval of plausible values for the
value of Y associated with a future value &f. This is
possible with calculation of a Prediction Intervals rather
than a confidence interval. In this research the pre-
diction intervals refers to the estimation of the hydro-
logic values of precipitation, temperatures and inflows
in 2050, demonstrate the uncertainty or range associ-
ated with these values.

The formula for estimation of prediction intervals is (af-
ter Devore, 2004):

5 2
Y £t@2n-2) |S%+ 5% )
Y

The P value is a probability, with a value ranging from
zero to one; wherP is less than 0.01, for example, it
shows that the trend is significant, so the smaller the P,
the more significant the trend (Helsel and Hirsch, 1992).

The sample correlation coefficielt, is a coefficient
ranging between-1 and 1 and measures the strength

Hydrol. Earth Syst. Sci., 12, 239-255, 2008
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Table 2a. Results of statistical trend tests for overlakes precipitation.

Mann-Kendall Statistics

Lake Autocorrelation Kendall'sS  Z; Possibility of posi-

Coefficient tive trend — Signifi-
cance at 5% level

Superior —0.04 25 0.14 NO

Michigan 0.02 405 224 YES

Huron 0.09 468 232 YES

Erie 0.05 405 3.00 YES

Ontario 0.10 406 3.10 YES

Table 2b. Continued.

Regression Statistics

Lake Regression Equation  Slope with 95%  Statistical Significance = Sample R-Square
Confidence Limits (P value) Correlation

Superior Y=0.173¥+469 0.1731.02 0.45 0.09 0.83%
(Low significance)

Michigan Y=1.68(—2493 1.680.95 0.002 0.35 12.7%
(high significance)

Huron Y=1.25¥—-1616 1.25-0.93 0.0032 0.31 9.5%
(high significance)

Erie Y=2.73X—4462 2.7%14 0.0002 0.43 18.5%
(high significance)

Ontario Y=2.31X—-3694 2.3%1.02 0.0001 0.48 23%
(high significance)

of the linear relationship betwedhand X. A correla-  Autocorrelation and long memory in the data
tion value close to 0 indicates no association between

the variables. According to Salas et al. (1993), hydrologic time se-
. . ries are generally autocorrelated. Autocorrelation in some
R— > (Xi —X)(Y; —Y) ) series such as streamflows usually arise from the effects of

surface, soil, and groundwater storage. Conversely, annual
precipitation is usually uncorrelated.

) _ _ Autocorrelation, or as sometimes called “serial correla-
— R-square R<), or the square of the correlation coeffi- tion”, refers to the correlation of a time series with its

cient, is a fraction between 0.0 and 1.0 (unitless). An own past and future values Separated b’y|ag time units,

R? value of 0.0 means that there is not any correlationyhereas the simple correlation is the mutual relationship be-
betweenX andY and no linear relationship betweéh  tween two or more random variables. Hurst (1951) presented
andY. On the other hand, wheR? approaches to 1.0,  a relationship to show the existence of long memory between
the correlation becomes strong and with a value of 1.0tha data by defining a coefficient & between the (0.5-1) .

all points lie on a straight line. As presented by (Montanari, 1998):

At this time, there exist a number programs that can , ~ cpyk2H-2 )
calculate these values easily and quickly, including STATIS-
TICA (Statsoft, 2006), STATLETS (NWP, 1997), MINITAB  Thatyy is the autocorrelation coefficient of the process at lag
(Devor, 2004) and Excel. For this research the MINITAB k, Cy is a constant and is called the “Hurst exponent” or
and Excel were used to calculate the trend lines, statisticathe “intensity of long memory” between (0.5-1.0). A value
values and plot the figures. equal to 0.5 means absence of long memory. This relation-
ship shows that the higher th, the higher autocorrelation

NS s A er
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Fig. 2. Trends of precipitations (mm/year) versus time (Year) with 95% confidence intervals (1930-2000).
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between the data. According to the Montanari “if long mem- highly significant from both the regression modeling and us-
ory or autocorrelation is present, it may be more reasonabléng the Mann-Kendall statistic and low significance for Lake
to suppose that climatological variations are due to a localSuperior, as summarized in Table 2b. These results demon-
cycle”. strate there is sufficient evidence to indicate (on the basis of

Also the value ofH or autocorrelation has an influence in 1930-2000 period) an increasing trend in precipitation for
the width of the confidence intervals. The greater the autofour of the five Great Lakes. Interpretation of the statistical
correlation, the greater the confidence limits, and as a resultoefficients shows that:

the long memory or high autocorrelation provides more un-
certainty on the results obtained by trends procedures (Mon-
tanari, 1998).

As well the autocorrelation coefficient can have an in-
fluence in the results obtained by the Mann-Kendall test.
Khaled and Ramachandra (1998) state that “The null hypoth-
esis for the Mann-Kendall test is that the data are indepen-
dent and randomly ordered, i.e. there is no trend or serial
correlation structure among the observations. However, in
many real situations such as hydrology and climatology the
observed data are autocorrelated. Cox and Stuart (1955) de
scribed that “positive autocorrelation among the observations
would increase the chance of significant answer, even in the
absence of a trend”. Khaled and Ramachandra (1998) indi-
cated that the existence of positive autocorrelation in the data
increases the probability of detecting statistically significant
trends when actually none exist, and vice versa.

4 Precipitation, temperature and flow trends

4.1 Historical precipitation trends

— Lake Superior: Since the P-value for the slope is greater
or equal to 0.05, there is not a statistically significant
relationship between Precipitation and Year at the 95%
confidence level. The 95% confidence limits of slope
(0.173+1.02) include a value of zero for slope. The R-
square statistic indicates that the model, as fitted, ex-
plains 0.83% of the variability in precipitation. The cor-
relation coefficient equals 0.09, indicating a relatively
weak relationship between the variables.

Lakes of Michigan, Huron, Erie, and Ontario: Since
the P-value for the slope is less than 0.01, there is a
statistically significant relationship between “Precipita-
tion” and “Year” at the 95% confidence level for all of
these Lakes. There is no value of zero for the slopes
in the 95% of confidence limits. The R-Square statistic
indicates that the model as fitted explains respectively
12.7%, 9.5%, 18.5% and 23% of the variability in pre-
cipitation for these four lakes, all representing statisti-
cally significant relationships.

The regression tests show the same results as those ob-

tained by the Mann-Kendall test.

The results of precipitation data series by two statistical
methods are as follows:

— The Mann-Kendall test: demonstrates an existence of
the positive trends for four Lakes of five, Michigan,
Huron, Erie and Ontario. For these four lakes there are
a small positive autocorrelation respectively 0.02, 0.09,
0.05 and 0.1 and for all of them the valuefis greater
thanZg.025 . Meanwhile for Lake of Superior the value
of Z; is less thar¥Zg 025 with a negative autocorrelation
of —0.04, meaning a positive trend is not demonstrated
for Lake Superior (Table 2a).

The regression test: The Ryan-Joiner method carrying
out by MINITAB showed that the data series are nor-
mal with the values of coefficient equal to 0.996, 0.994,
0.996, 0.994, 0.991 for Superior, Michigan, Huron, Erie
and Ontario Lakes, respectively. The coefficient of Ca

4.2 Trends in temperature

— The Mann-Kendall test: results from application to
the temperature series are presented in Table 3a. All
demonstrate small positive autocorrelations and for all
five lakes the value of is less than 1.96, meaning the
probability of positive trend is very low.

The regression test: The Ryan-Joiner method showed
that the data series are normally distributed with the val-
ues of coefficient equal to 0.97, 0.98, 0.97, 0.97, 0.97 for
Superior, Michigan, Huron, Erie and Ontario Lakes, re-

spectively. The coefficients of Ca for 53 years of record

and a significance level of 5% are equal 0.96 (Devore,

2004). As a result, because the Ryan-Joiner coefficient
for all series is greater than Ca, the null hypothesis of
normality cannot be rejected.

for a data of 70 years and a significance level of 5% .
is equal 0.97 (Devore, 2004). As a result, all data are Average annual _trends of o_verla_ke temperature versus tl_me
normal because Ryan-Joiner coefficient for all series is(1.948—2000), are llustrated in (Fig. 3a through e).. Th? SI9-
greater than Ca, and hence the null hypothesis of nor_nlflcance of the long-term tgmperature data for the |nd|V|(_juaI
mality cannot be rejected. Great Lakes were tested with the results as summarized in the
Table 3b.

The long-term precipitation data (1930-2000) for the indi- None of the trends for temperature were identified as sta-

vidual Great Lakes are plotted as annual precipitation versusstically significant at the 5% level although the best esti-

time in Fig. 2a through e. The slopes of the trend lines aremates of the slopes of the regression lines were all positive.
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Table 3a. Results of statistical trend tests for overlakes temperatures.

Mann-Kendall Statistics

Lake Autocorrelation Kendall'sS  Z; Possibility of posi-

Coefficient tive trend — Signifi-
cance at 5% level

Superior  0.20 —48 0.50 NO

Michigan 0.14 -84 0.88 NO

Huron 0.11 —136 140 NO

Erie 0.29 —78 0.81 NO

Ontario 0.15 —44 046 NO

Table 3b. Continued.

Regression Statistics

Lake Regression Equation  Slope with 95%  Statistical Significance ~ Sample R-Square
Confidence Limits (P value) Correlation

Superior  Y=0.0163—-28.19  0.016:0.015 0.05 0.28 8%
(low significance)

Michigan Y=0.001x+5.84 0.00%0.010 0.87 0.02 0.05%
(low significance)

Huron Y=0.0004x+6.05 0.0004-0.009 0.97 0.04 0.2%
(low significance)

Erie Y=0.007x—-5.48 0.0020.017 0.26 0.17 3%
(low significance)

Ontario Y=0.005¢-1.89 0.003-0.020 0.41 0.12 1.5%

(low significance)

The R-Square statistic indicates that the model as fitted = demonstrates there are statistically significant positive
explains 8%, 0.05%, 0.2%, 3% and 1.5% of the variability trends for them.
in Temperature (Table 3b). The simple correlation coeffi- ) )
cient for all five Lakes respectively equals 0.28, 0.024, 0.04, — The regression results test: The Ryan-Joiner method

0.17, 0.12, indicating there is no statistically significant rela- ~ Showed that the data series are normal with the val-
tionship between temperature and time. The regression tests €S Of cczefﬂqent equal to 0.99, 0.993, 0.991, 0.995 for
confirm the results obtained by the Mann-Kendall test. St. Mary's River, St. Clair River, Niagara River, and

St. Lawrence River, respectively. The coefficient of Ca

for a number data of 70 ears and a significance level
of 5% is equal 0.97. As a result, all data are normal

because Ryan-Joiner coefficient for all series is greater
than Ca, as the null hypothesis of normality cannot be
rejected.

4.3 Trends in measured flows

Flow data were analyzed for four locations at various points
along the Great Lakes system namely (I) St. Mary’s River,
(I1) St. Clair River, (Il) Niagara River, and (IV) St. Lawrence
River, as identified in Fig. 1a. These locations represent the

i . 2 The flow magnitudes over time are plotted in Fig. 4 (4a:
sequential locations within the Great Lakes Watershed. W magnitu ver d b in Fig. 4 (

St. Mary’s River, 4b: St. Clair River, 4c: Niagara River, and

4d: St. Lawrence River). In order to verify whether there

— The Mann-Kendall results test: The Mann-Kendall is a significant linear trend in the data, the resulting slopes
trend test results are as summarized in Table 4a. Thevith relative confidence limits for 1930-2000 are given in

autocorrelation coefficients for St. Mary’s, St. Clair, Ni- Table 4b and demonstrate the following results:
agara, and St.Lawrence are 0.38, 0.8, 0.82 and 0.8, re-

spectively. Except for the St. Mary’s river, the value of — St. Mary (Outlet of Lake Superior): Since the P-value
Z, for three other rivers is greater than 1.96, and hence for the slope is greater than or equal to 0.01, there is not
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Fig. 3. Trends of annual average temperatures (degree Celsius) versus time (Year) with 95% confidence intervals (1948-2000).
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Table 4a. Results of statistical trend tests for time series of flows in the rivers.

Mann-Kendall Statistics

River Autocorrelation Kendall'sS  Zg Possibility of posi-
Coefficient tive trend — Signifi-
cance at 5% level
St. Mary’s 0.38 213 1.32 NO
St. Clair 0.80 777 4.83 YES
Niagara 0.82 825 5.13 YES
St. Lawrence 0.80 826 5.10 YES

Table 4b. Continued.

Regression Statistics

River Regression Equation  Slope (with 95% Statistical Significance  Simple R-Square
Confidence Limits (P value) Correlation
of Slope)
St. Mary’s Y=0.84X+553 0.84:4.10 0.20 0.17 2.8%
(Low significance)
St. Clair Y=13.13¥—20559 13.135.50 3«10/ 0.55 31%
(high significance)
Niagara Y=20.75(—34908 20.2£6.50 5¢10~8 0.60 35%
(high significance)
St. Lawrence Y=25.54¥—-43119 25.88.30 3x10°8 0.60 36%

(high significance)

a statistically significant relationship between Flow and5 Comparison of historical trend projections and GCM
Year at the 95% confidence level. The 95% confidence predictions
limits of slope (0.84:4.1) include a value of zero for

slope. The R-Square statistic indicates that the modelf the historical trends continue, the magnitudes of precipi-
as fitted explains 2.8% of the variability in Flow and tation and flow can be assessed for future years, and hence
the simple correlation coefficient equal 0.17, indicating provide a comparison with the projections using the GCMs.
a relatively weak relationship between the variables. It is noted that scenarios of climate change have typically
been structured as percent change from the 1960-2000 pe-
riod, as a means of establishing a baseline relative to, for
. . example, the year 2050, the projected year in which there is
Since the P-value for the slope is less than 0.01, ther%onsidered the potential for a doubling of €@ the atmo-

IS 3 \s{tanstl;:::lrl]ly ;gg();lflcar;F drelatlolnshllp} b et\lll\/(;.\r?n Flovﬁ sphere (e.g. after Lofgren et al., 2002). In this context, trend
and vear at the o confidence level for all these se Sextrapolation of the historical data using the regression equa-
of flow. There is no value of zero for the slopes in the

. - NN tions for each of precipitation, temperatures, and flows, are
0, - . . .
95% confidence limits. The R-Square statistic md'catessummarlzed in Tables 5 through 7, respectively.

that the model as fitted explains respectively 31%, 35%
and 36% of the variability in flow.

— St. Clair (Outlet of Lake Huron), Niagara (Outlet of
Lake Erie), St. Lawrence (Outlet of Lake Ontario):

5.1 Prediction of precipitation changes to year 2050
The regression tests of flows versus time are adjusted with

the result with those obtained by the Mann-Kendall test. ~ Based on the observed historical records, precipitation rates
are significantly increasing over the Great Lakes. The rate
of increase in precipitation over the 70 years period (1930—
2000) is alarming. From Table 5, if the trends apparent

over the 1930-2000 time period continue, the predicted in-

creases in precipitation with their uncertainties at the Lakes
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Flow Trend - St. Mary's River
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Fig. 4. Trends of annual average river flows at various locations within the Great Lakes watersheds versus time(Year), with 95% confidence
intervals (1930-2000).

of Superior, Michigan, Huron, Erie, and Ontario till 2050 are Lofgren (2002) are plotted in Fig. 5a and b. Lofgren et
4.1%+4.9%, 12.50%:-4.5%, 10.9%4.8%, 21.8%4-8% and  al. (2002) results show that different GCMs produce signifi-
19%+5 %, respectively. cantly different predictions; they used outputs from two dif-
ferent types of GCMs namely the equilibrium models (GISS,
GFDL, OSU, and CCC1) and the transient models (CGCML1,
HadCM2, GFTR2, HCTR2, MOTR2, and CCTR2).

GCMs are being used to develop future scenarios unde
changed climate conditions (Mortsch et al., 2000). For il-
lustration purposes, the GCM predictions for future changes
in precipitation for Lake Superior, Lake Michigan and Lake In addition to the GCM predictions, also plotted on Fig. 5a
Huron (the latter two combined to Michigan/Huron) from and b are extrapolations from the observed, historical trends.
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Table 5. Predicted changes in precipitation to 2050 from historical trend projections and associated uncertainty.

Lake Average Precipitation Trend Extrapolation for Uncertainty of Precipitation Percentage Change
(mml/year) Precipitation to 2050 to 2050 in Precipitation

(mml/year) (mmlyear) (%) with uncertainty

Superior 792 825 82540 4.1%+4.9%

Michigan 834 938 93843 12.5%t+4.5%

Huron 853 947 94F40 10.9%t+4.8 %

Erie 932 1135 113875 21.8%+8 %

Ontario 886 1055 105644 19%t5 %

Table 6. Comparison of future temperatures(degree Celsius) for projections from historical trends and GCMs.

Lake Average Temperature Projected TemperaturéQ) for 2050
(°C) of Base Case
(1960-2000)
From Historical From GCMs PC)?
Trends Projections’C)
GISS GFDL OSU
Superior  3.70 5.20 6.60 9.50 5.70
(1.50) (2.90) (5.80) (2.00)
Michigan 7.70 7.90 11.90 134 10.70
(0.20) (4.20) (5.70) (3.00)
Huron 6.60 6.90 9.90 11.70 8.60
(0.30) (3.30) (5.10) (2.00)
Erie 9.10 9.90 13.80 14.80 12.50
.(0.80) (4.70) (5.70) (3.40)
Ontario 8.00 8.37 11.80 13.10 10.40
(0.37) (3.80) (5.10) (2.40)
Average 7.02 7. 65 10.80 12.50 9.60
(0.63) (3.80) (5.00) (2.60)

Note: values within parentheses represent the change in projected temperature compared to the Base Case mean (1960—2000).
2 Values extracted from Croley (1990)

Percentage of precipitation increasing

Percentage of hcreasing precipitation
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Fig. 5a. Comparison of results of GCMs models by Lofgren et

al. (2002) with predicted model in Lake of Superior. Fig. 5b. Comparison of results of GCMs models by Lofgren et

al. (2002) with predicted model in Lake Michigan and Lake Huron.

www.hydrol-earth-syst-sci.net/12/239/2008/ Hydrol. Earth Syst. Sci., 12, 239-255, 2008



252 E. McBean and H. Motiee: Impact of climate change on water resources

Table 7. Predicted changes in flows to 2050 from historical trend projections and uncertainty associated with.

River Average Annual Flow Trend extrapolation Uncertainty for Predicted Percentage
(m3/s) for Flows to 2050 Flows to 2050 Change (%) —
(m3/s) (m3/s) with uncertainty
St. Mary 2125 2270 2278180 7.0%:8.2 %
(Outlet of Lake Superior)
St. Clair 5441 6357 635%227 17.094.0 %
(Outlet of Lake Huron)
Niagara 6063 7610 7618275 25.5%5.0%
(Outlet of Lake Erie)
St. Lawrence 7400 9238 9238365 25.5%45.0 %

(Outlet of Lake Ontario)

Table 8a. Magnitude of increasing percentages of precipitation by GCMs models(Lofgren-2002) and trend line for Lake Superior (related to
Fig. 5a).

GISS GFDL OSU cCCCi1 CGCM1 HadCM2 GFTR2 HCTR2 MOTR2 CCTR2 PredReg.

2020 5 15 -10 -2 2.7
2030 -5 4 3.2
2050 18 -4 7 8 4.1
2090 14 16 5.4

Table 8b. Magnitude of increasing percentages of precipitation by GCMs models(Lofgren-2002) and trend line for Lake Michigan and
Huron (related to Fig. 5b).

GISS GFDL OSU CcCCl1 CGCM1 HadCM2 GFTR2 HCTR2 MOTR2 CCTR2 PredReg. PredReg.
(Michigan)  (Huron)

2020 2 3 -9 -6 6.9 4.2

2030 2 8 8.9 8.0

2050 2 -1 5 -3 12.6 10.9

2090 20 14 18.2 15.4
Note:

GISS — Goddard Institute for Space Studies;

GFDL — Geophysical Fluid Dynamics Laboratory;

OSU - Oregon State University;

CCC1 - Canadian Centre for Climate Modeling and Analysis ver.1. CGCM1 (Coupled General Circulation Model ver.1), GFTR2, HCTR2,
CCTR2 are the transient models of CCC, GFDL, United Kingdom Meteorological Office’s Hadley Center, and CCC respectively.
PredReg. — Predicted change by using Regression analysis.

Tables 8a and b show the magnitudes of increasing percen{2000) reported, “It is not clear why Lakes Superior and

ages of precipitation for GCMs by Lofgren (2002) and cal- Michigan-Huron are behaving differently, but it may be re-

culated trend lines. As illustrated in Fig. 5a, for Lake Supe-lated to differences in regional climate.”

rior, compared to the prediction by regression, some GCMs |n addition, there is substantial uncertainty with the GCM

overestimate the change in precipitation while some underespredictions; for instance, Mortsch et al. (2005) emphasize
timate. For Fig. 5b, for Michigan/Huron Lakes, trend predic- that “there is no way of determining which climate change
tions by the regression lines exceed GCM model predictionsscenario is the “best” prediction of the future climate, the

Itis interesting to note that others have also reported signifi“\orst case scenario”, or the “average” potential change in
cant differences in precipitation differentials where Lentersclimate. Ideally, a range of possible future climates and
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their implications should be explored through the use of a The presence of the autocorrelation influences the confi-
number of climate change scenarios”. However, precipita-dence limits of the slope of the regression line. It means
tion trend characterization is challenging since precipitationa slope that is statistically significant under the hypothesis
varies substantially across space and time, and hence itis dibf uncorrelated data may become not significantly different
ficult to predict a significant long-term change (Mortsch et from zero if autocorrelation is properly taken into account
al., 2000). Nevertheless, the technical literature reveals ther@ontanari, 1996 and Baren, 1994).

is evidence of increasing trend of precipitation; Mortsch et In this regard, the uncertainty of the results was estimated
al. (2000) reported annual precipitation trends for regions ofoy 95% confidence intervals and prediction intervals in 2050.
Canada near the Great Lakes region are significantly increasAs a result, the results of precipitation and temperatures data
ing. As well, Filion (2000) cited that Coulson’s (1997) re- series in Great Lakes with a low autocorrelation might be
sults indicate a precipitation increase of 7-18% in northerndue to impact of global warming and climate change but on

British Columbia. the other hand, the results of streamflows with high values of
o autocorrelation in four river cases have more uncertainty in
5.2 Prediction of temperature changes to year 2050 the confidence intervals, and demonstrate that they might be

, due to a local cycle and physical changes in the basins.
According to IPCC (2001), global temperatures are expected gy gies demonstrate that there is a considerable ongoing

toincrease by 13 to 4.5C, as opposed to the trend extrap- impact of climate change on water resources, but the inten-

olation of historical da’_[a of 0.6% in the Great_Lakes (from sity of this impact depends on conditions of climate change
Table 6). Upon analyzing the data for the period 1895-1999;, "o future. Increases in precipitation and temperature

Mortsch et al. (2000) suggested that the annual average tems, ;|4 resyit in dire consequences on water quantity and qual-

perature for Canada has increased by a statistically signifiq, - precipitation directly translates into runoff, and the re-

Cﬁnt_l'gc' although the increase is not consistent throughOUtgions that experience significant increases in precipitation

t ezme span. ¢ ch ) ; h are likely to have increases in runoff and streamflows al-
The continuation of change in temperature from the ob-y,,4h [and use changes may also influence runoff peaks.

served records can be compared with GCMs prediction ofq "¢ the major impacts of climate change would be the

fqture temperature. The GCMs predictions_are _consistentlychanges in frequency and magnitude of extreme hydrologic
higher than those extrapolated from the historical data a%vents (e.g. more intensive rainfall events). Incidence of

listed in Table 6. Eyen different GCM predictions are heavier rainfall events could result in more rapid runoff and
demonstr:?\teq as varying amongst themselves by substgntl }eater flooding. As well, heavier rainfall may cause deteri-
amounts, |nd|_cat|ng there are subs_ta_ntlal levels of uncertainty) - i of water quality. Increased rainfall intensity and high
associated with temperature predictions. magnitude of floods may result in increased erosion of the
land surface and the stream channels, higher sediment loads,

5.3  Prediction of flows to year 2050 and increased loadings of nutrient and contaminants.

Based on the observed historical records, annual precipita-
tion rates are significantly increasing over the Great Lakes .

. ) o7 . 7 Conclusions
This increase in precipitation can lead to increased stream-

flows in the Great Lakes system (as apparent from Table 5)Long—term historical data series of precipitation, tempera-

The increase in streamflows over the 70 years period (1930Ture and streamflows in the Great Lakes system using simple
2000) is substantial. From Table 7, if the trends apparentovef. "’ Y 9 P

the 1930-2000 time period continue, the rate of predicted in—rlnear regression analysis and non-parametric Mann-Kendal

. . . S {rend test, demonstrate statistically significant increases in
creases in streamflows with their uncertainties at the outleSome recipitation and streamflows over the period 1930—
of Lake of Superior, Lake Huron, Lake Erie, and Lake On- precip P

tario till 2050 is 7.0%4:8.24%, 17.0%:4%, 25 5%-5% and tzi\?gol'n'tsgér‘r:‘ebne] ;;;?n n aé'\'rtsi;z'ﬁ:”’ '?g:fﬁj';fi?gfuf‘ef Ft’ﬁZ"
25.5%t5 %, respectively. : g.p y p )

regression line does not show statistical significance.
Temperature trends were not found to be statistically sig-
6 Discussion: uncertainty of the results nificant (at 5% level) for any of the five Great Lakes, al-
though the best fit line shows a gentle increasing slope, an
Statistical and mathematical models can be always an apaverage increase of 0.83 in the basin and less in magni-
proximate description of reality, and the treatment of uncer-tude than the GCM predictions.
tainty is a basic issue in all hydrologic modeling and climate Flows in the St. Mary's River (outlet of the Lake Su-
change research. perior) show a gentle increasing trend, whereas flows in
It should be mentioned here the detection and estimatiorthe connecting channels at St. Clair River, Niagara River,
of autocorrelation (presence of long memory) has become aand St. Lawrence River illustrate statistically significant in-
important tool in time series analysis. creases (at 95% confidence limits) trends. Because of the
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high autocorrelation coefficients in the streamflow data, theCoulson, C. H.: The Impacts of climate change on river and stream
uncertainties of the prediction of flows to 2050 are consider- flow in British Columbia and southern Yukon, in: Canada Coun-
able. try Study, Vol. |, edited by: Taylor, E. and Taylor, B., 5-1 to

The presence of significant positive trends in historical _5-11, 1997. . .
precipitation, and comparable levels as predicted by theCroIey, T. E.: Laurentian Great Lakes Double-£€imate change

A : L hydrological impacts, J. Climatic Change, 17(1), 27-47, 1990.
ﬁCt::/les’Sg]rilgaizlggt;??hzygfelg?Ifa(l:ginge;srilnrg;ncgg?ﬁgroley, T. E., Hunter, T. S., and Martin, S. L.: Great Lakes monthly
Y y hydrologic Data, Internal Report, Publications, NOAA, Great

tributable to climate Change: The pred'gt'on re_SUItS of re- Lakes Environmental Research Laboratory, 13, Michigan, USA,

search demonstrate that until 2050, the increasing trends of qga.

the historical data may sustain their changes at the same ratge Log, R. C. and Kreutzwiser, R. D.: Climate variability, climate

Accordingly, it might be said that until 2050, the slope of the  change and water resource management in the Great Lakes, J.

changes may behave according to the suggested equationsClimatic Change, 45, 163-179, 2000.

and slopes. Dettinger, M. D.: A Long term (50 Yr.) historical perspective on
flood-generating winter storms in the American river basin, Pro-
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