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Information on intensity-duration-frequency (IDF) of rainfall is commonly required for the design,
construction, and management of many water resources projects involving natural hazards, due to
extreme rainfall events. Design storms (DS) are determined from IDF relationships. Many
hydraulic structures (dams, weirs, culverts, storm sewer systems, etc) are designed to serve 50 years
or more into the future. Yet, these structures are being sized for the climatic conditions based on
the past records, before climate change. Thus, new design methods accounting for climatic change
are needed to prevent potential losses and damages resulting from under-design. This research
addresses the issue of the effect of climate change on design storms. The major objectives of this
study is to detect trends in extreme rainfall, and to estimate anticipated changes in return periods

of extreme rainfall events due to trends.

In this study, trends (which might be attributed to climate change) are estimated for different
durations of annual extreme rainfall using the regional average Mann-Kendall’s S trend test. The
method of L-moments was employed to delineate homogeneous regions. The trend test was
modified to account for observed autocorrelation, and a bootstrap methodology was used to account
for the observed spatial correlation. IDF estimates were computed for different combinations of
durations and frequencies (return periods) for rainfall stations experiencing significant increasing
trends. These estimates were compared to existing and climate change-induced precipitation

extremes and its affect on the frequency (return period) of exireme rainfall events



Numerical analysis was performed on 44 rainfall stations from the province of Ontario, Canada for
220 and 25 year time frame. This was done using data from homogeneous regions established using
L-moments procedure for the annual maximum observations for the following duration: 5, 10, 15,
30 minute, and 1, 2, 6, and 12 hour, respectively. Depending on different rainfall durations, 4 to
6 homogeneous regions were delineated. Numerical analysis was performed for 63 meteorological
stations to estimate the magnitude (rate) and direction of frend. Estimates from 15 stations were
used to quantify the effect of trend on the frequency of design storms. Significant trends were

detected for all durations.

Based on a 5% significance level, approximately 22% of the regions tested had a significant trend,
predominantly for short duration storms. Serial dependency was observed in 2.3% of data sets and
spatial correlation was found in 19% of the regions. The presence of serial and spatial correlation
had a significant impact on trend determination. It was determined that due fo the existence of
trends the design storms of a given duration might occur more frequently in the future by

approximately 31 years depending on the duration and return period.
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1.1 otivation

The Intergovernmental Panel on Climate Change (IPCC) (1996) reported changes in temperature
extremes that can be attributed to the increase of concentration of carbon dioxide (greenhouse gases)
into the atmosphere. Past studies of climate trends (Nicholls et al., 1996), indicate that the global
mean surface temperature has increased by approximately 0.3 to 0.6°C since the late 19" century
and by 0.2 to 0.3°C over the last 40 years. Zhang et al. (2000} found an annual mean temperature
increase between 0.5 and 1.5°C in Canada (south of 60°N) from the period of 1900 to 1998, in which
the greatest warming occurred in the spring and summer periods of western Canada. From 1950 to
1998, Zhang found warming in southern and western Canada, while northeast Canada generally
experienced cooling, Climate change trends may be easier to detect in northern countries, such as
Canada (Nicholls et al., 1996}, since anthropogenic climate change signal is projected to be stronger

in the high-latitude countries.

Recent studies (Nicholls, 1995; Karl and Knight, 1998) suggest that the hydrological cycle could
intensify due o the increase in temperature extremes. Trenberth and Shea (1996), using a
conceptual model (shown in figure 1.1}, found that an increase in greenhouse gases and temperature
extremes {global warming) will cause surface heating to increase. The theory of global climate

change, endorsed by many scientists (Bard, 2002), holds that industrial activity is causing 2 build



increased Greenhouse Gases

increased Radiative Forcing
{Gicbal Warming)

Surface Heating
Surface Latent Heating
{Depends on available moisture)

increase in Temperature Increase in Evaporation
increase in ﬁtmasphgnc incrgase in Actual Specific Humidity/not RLE.
Water-Holding Capacity Mositure Content

Saf

ation Specific Humidity

Enhanced Precipitation
Rates

Enhanced Lateni Heating

-Precipitation amounts
-Duration, size of systems
-Competition among
systems

-Vertical heat transport
stabilizes systems

Enhanced Storm intensity

|
|

. | Increased Runoff
Increased Flooding

Figure 1.1. Conceptual Model developed by Trenberth and Shea (1996}

up of carbon dioxide in the atmosphere, trapping the sun’s heat close to the Earth and creating a
hotter, more turbulent atmosphere that will lead to more extreme weather events like droughts,
storms, heat waves, and floods. There are many studies and research initiatives (International
Research Institute, 2001, and others) concerned with better predictions and understanding of the

complexity of climate change and its possible consequences.
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Potential impacts of climate change effects in Canada could include the following (Bruce ¢t
al.2002): an increase in the frequency and severity of extreme weather events including short-
duration/high intensity rainfalls; a change in precipitation distribution, amounts and types; polar ice
and permafrost melt in northern Canada; and sea level rise. Such changes might have multiple
national, regional and municipal consequences. Urban areas, having large populations and expensive
infrastructure are particularly vulnerable to climate change impacts. However, no analysis of
Canadian data has been reported in literature dealing with estimation of trends in extreme short
duration rainfall events. Zweirs et al. (1998) reported that frequency of heavy one-day rains could
occur with return periods halved e.g. a 20 year return period rainfall becomes a 10 year event.
Information on trends in extreme short-duration rainfall is needed to determine climate change
tmpacts on design, management, and operation of urban infrastructure, and to prepare adaptation
measure to deal with extreme events. One of the main objectives of this thesis is to detect trends
in extreme rainfall, and to estimate anticipated changes in returmn periods of extreme rainfall events

due to trends.

Several studies (Guttman et al., 1992; Karl and Knight, 1998; among others) have found increases
in precipitation amounts across the USA and Canada in recent years, which can be attributed to
climate change. Zhang et al (2000) found that annual precipitation totals in Canada have changed
by -10% to 35%, with the northern regions generally experiencing the strongest increases. Dai et
al. (1997) have found an increase in precipitation in the mid and high latitude land areas, which

contribute to enhanced evaporation and more runoff.

it has been found that hydrological variables associated with precipitation are also experiencing
significant trends. Lambert (1996) discovered an increase in extra tropical storm severity in the
Northern hemisphere during the period of 1899 and 1991, while an increased in atmospheric and
water vapor was found in North America, China, and tropical regions (IPCC, 1996; Ross and
Elliott, 1996; Zhai and Eskridge, 1997). Adamowski and Bocei (2001) have found significant trends

in annual mean, monthly, and minimum stream flows in various regions of Canada.



All of these studies provide evidence suggesting that the conceptual model developed by Trenberth
and Shea (1996) is supported by findings using observed data. However, there are regions in the
world where there are no signs of climate change. For example, Zhai et al. (1999) found no
increasing trends i1 1 and 3 day precipitation extremes in China, and Kumar et al. (1997) found no
significant trends in 1, 2, and 3 day precipitation totals in India. There are also potential problems
with precipitation data sets, such as a short record length and incomplete global coverage (Karf and
Easterling, 1999) to make a conclusions that the conceptual model is 100% accurate. However, it
is clear that the hydrological process is not stationary, which leaves problems for engincers who use
design charts fo estimate rainfall intensity for various frequency and events that will occur in the

future.

Rainfall information is required for many theoretical and practical reasons. COne of the most
common uses of rainfall information in engineering is in developing design storms which are used
in calculating design storm runoff (Maidment, 1993). Design storm rainfall is defined as a
relationship between rainfall intensity (depth, mm), duration (time, minutes), and frequency
{probability or return period, years). Such relationships are known as IDF curves or equations and
are usually derived using observed annual maximum {AM) series at one site (at-site) or several sites
{regional analysis). In developing these relationships, the estimates of rainfall intensity for a given
duration and frequency can be obtained from statistical analysis employing various probability
distributions (such as Gumbel distribution) and parameter estimation methods (such as method of

moments).

These IDF relationships are used in the design, construction, and management of many water
resources projects involving natural hazards, due to extreme rainfall events. For example, many
hydraulic structures (culverts, storm sewer systems) are designed to control surface runoff. In the
absence of adequate stream flow data, rainfall data is used extensively in the synthesis of peak
flows. Many methods {such as: rational method, synthetic unit hydrographs, etc.) require IDF inpuis
to determine peak flows. It is therefore very important to have reliable estimates of IDF

relationships which would reflect possible future conditions.



When IDF relationships are needed for ungauged locations, or for stations with a short rainfall
record, then use is made in Canada (Hogg and Carr, 1985) and the United States of America (USA)
(Hershfield, 1961} of regionalized information mapped in the form of a rainfall frequency atlas.
More recently, generalized IDF relationships have been expressed by equations (Adamowski et al,,
1997). These maps and equations have been developed subject to various assumptions, which
unfortunately give rise to many uncertainties. Also, they were developed without examining

whether rainfall events are subject to climate change (trends).

Of all previous studies on trend detection in extremes of precipitation, the influence of serial and
spatial correlation was not investigated (Zhai et al., 1999; Plummer et al., 1999). It is perhaps
because the assumption of independent observations is required in many trend tests. However, the
effectof spaﬁal and/or temporal correlation among data sefs may lead to misleading interpretations
of trends (Douglas et al., 2000) and furthermore, correlation reduces the effective sample size of the

data set.

Precipitation data at various sites in a homogeneous region are intercorrelated because of the
physical proximity of the sites. The effect of such cross correlation in regional flood analysis has
been investigated in only a few studies, although not in precipitation. Hosking and Wallis (1997)
showed that interstation correlation can have a dramatic effect on the variance of the average of the

unbiased estimators. It drastically reduces the information content of the data.

The main purpose of this study is to: a) investigate the evidence of trends in the annual maxima
precipitation data for various durations, b) evaluate the effect of serial and spatial correlation of
precipitation on the detection of trends, ¢} detect trends in regional data, d) evaluate the effects of
trends on IDF estimates, and e} determine and quantify the consequences of trends on return periods

of design storms.



1.2 ectives

Semte

The objectives of this thesis are as follows:

To review and modify the methodologies used in trend detection including’

[
R

® Review of IDF relationships and regional approaches for estimating design storms,
® Adapt the technigues used to delineate homogenous regions.
° Modify trend detection techniques for a single site and a regional basis for time/space
correlated data.
2) To perform a single site analysis on rainfall stations in the province of Ontario o
determine:
® Significant trends in annual maximum rainfall data for the 5, 10, 15, 30 minute and

1, 2, 6, 12 hour storm durations for various record lengths.

° Significant autocorrelation in the rainfall data sets.
o IDF estimates for sites experiencing a significant increasing trend.
° To quantify the effect of trends on the return periods of design storms.
3 To investigate and estimate the existence of trends at a regional scale invelving:
® Determination of homogenocus regions by the method of L-moments for a 20

and 25 year time for the §, 10, 15, 30 minute and 1, 2, 6, 12 hour rainfall durations.
o Introducing a new methodology to define homogeneous regions based on the
direction {plus, minus, no trend) of trend.
® Evaluate the effect of serial correlation of precipitation on the detection of trends.
® Evaluate the effect of spatial correlation by using L-moments, cross-correlation and
variograms on the detection of trend.
s Determine trends in the annual maximum precipitation data for various durations

and regional data sets.



Annual maximum rainfall data for the 5, 10, 15, 30 minute and 1, 2, 6, 12 hour storim durations are
analysed for 63 stations in the province of Ontario. To the author’s knowledge, no tests have been
performed on different storm durations of extreme rainfall. The stations have record lengths ranging
from 18 to 73 years, and periods ranging from 1926 to 1998. The Mann-Kendall S statistic (Mann,
1945; Kendall, 1962) is applied to determine if trend in the rainfall time series data for each station
and duration is significant at a 5% level. Record lengths 0of 20, 25, and 30 years (when applicable)
along with the total existing record length of the station are used to investigate the sensitivity of
record lengths selection on the magnitude and significance of trend. Serial correlation in the
precipitation data sets will be examined and it’s affects on the Mann-Kendall trend test, since the
test requires the data to be time independent. Significant autocorrelation is detected by using
Anderson’s (1942) confidence interval. [DF curves are generated, based on recent rainfall data, for
station duration’s experiencing a significant increasing trend. The IDF estimates were compared
for stations with and without trend, and the differences in intensity were used to compare its impact

on the retum period of the rainfall event.

Homogeneous regions were delineated based on the L-moment procedure developed by Hosking and
Wallis (1993) enabling the determination of a proposed region to be accepted as homogeneous. A
heterogeneity measure s used to test proposed regions based on summary statistics of the at-site
data. The summary statistics are in the form of L-moments, a method to estimate statistical
properties of hydrological data. The procedure uses at-site characteristics (geographical location,
and mean annual precipitation), along with the at-sife measurement (annual maximum
precipitation), to determine if a group of stations can be grouped as one homogeneocus region. The
direction of trends (plus, minus, no trend) was also used as an additional information in delineating

the homogeneous

At a regional scale, the Mann-Kendall statistic is modified to incorporate the amount of stations in

a region, assuming the rainfall data is serial and spatially independent. As for single sites, the data

7



sets are examined to determine if significant aufocorrelation is evident, therefore, nullifying the
assumption that the data is independent. Average cross correlation was computed {0 examine the
dependency between stations in a region. Regions with high cross correlations nullify the

assumption of the data to be identically distributed implying the region to be spatially dependent.

In order to explore the correlation structure of the regionalized precipitation field, a geostatistical
method is employed (Chilés and Delfiner, 1999). The sample variogram is used to plot the squared
differences of rainfall observations between stations ina region. The correlation structure in aregion
vanishes when the separation distance, h, between stations is greater than the range {distance at
which the variogram reaches the plateau). Several types of models exist to model the sample
semivariogram. The model used in this paper is the spherical model (Brooker, 1991). Therefore,
a region was labeled spatially correlated if (a) a range, or correlation, existed in the variograms for
a region and (b) if the heterogeneity measure and cross correlation values suggested spatial

correlation.

For regions that are found to be spatially dependent, the bootstrap method (Efron, 1979) can be
used to estimate a statistical parameter of interest (i.e. trend). The null hypothesis is for the data to
show no trend, be serial independent and spatially correlated. The bootstrap samples are used to
create an empirical cumulative distribution function {CDF) for the regional average Mann-Kendall
statistic. Using the bootstrap procedure 5000 regional average Mann-Kendall S statistics were
calculated, then ranked in ascending order and given a non-exceedance probability (P) using the

Weibull plotting formula.

1.4 Publication of Resulfs

The resulis from this research resulted in the following publications/presentations:

1) Adamowski K, Bougadis J. Detection of trends in annual extreme rainfall. 28% Annual
Meeting of the Canadian Geophysical Union, Banft, Alberta, May 18-21, 2002.
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2) Adamowski X, Bougadis J. Regional estimation of temporal trends in rainfall. 5
International Conference on Hydro-science and Engineering, Warsaw, Poland, September,
2002.

3} Adamowski K, Bougadis J. Detection of trends in annual extreme rainfall. Jowrnal of

Hydrological Processes, {in press).

4) Adamowski K, Bougadis J. Influence of trend on short durations design storms. Submitted

to the Journal of the Canadian Water Resources, 2003.

1.5 tline of the Thesis

Chapter 2 presents the literature review outlining past research methodologies on homogeneous

region delineation, climate change and spatial analysis.

Chapter 3 presents the theories and equations applied in this thesis. This chapters discusses how
to classify a group of sites as a homogeneous region, trend tests for single sites and regional analysis,
intensity-duration-frequency relationships, the effect of serial and spatial correlation on precipitation

data and trend tests, and bootstrapping techniques for spatially correlated regions .

Chapter’s 4 and 5 present the summary of research findings, and gives recommendations for future

research.

Appendices A and B present additional tables and figures of the findings presented in Chapter 4.
Appendices C and D present the rainfall stations used in this thesis and the computer programs

developed to determine the findings presented in Chapter 4.



2.1 Single Sites Rainfall Frequency Analysis

Design storms are used in various engineering applications including determination of peak rainfall
intensity for a given duration and return period. The annual maxima (AM) series is commonly used
because it is has a theoretical basis in extrapolating beyond the period record (Hoggand Carr, 1985).
Generally, AM rainfall data applies to the months of April till October, since rain gauges are taken

out of service in the winter months.

In developing the IDF relationships, for each datly rainfall measurement recorded for a site with
durations ranging from 5 minutes to 1 day, is used from which the largest rainfall depth of the year
is extracted from the records. The maximum rainfall depth is transformed into an intensity
(knowing the duration) for each year and ranked in descending order and assigned a rank (m), where
the rank of 1 is assigned to the largest depth, rank of 2 is assigned to the second largest depth and
so on. The intensities are then assigned a return period (7)) or frequency using the Weibull plotting-
position formula (Singh, 1992}

n+ i
T =

2.1)

in

For each duration, the series of intensities and return periods are plotted on probability paper, and

the distribution is fitted often using the extreme value Type I (EV 1) distribution developed by



Gumbel (1954). The World Meteorological Organization (WMO)1981) indicates that the Gumbel
distribution is most often used by national meteorplogical services in the world to describe rainfall
evenis. The intensity-frequency-duration (IFD) relationships are then transformed into IDF curves
by selecting intensities based on the return period of interest (ranging from 2 year to 100 year), and

re-plotting the intensities versus duration for all retum periods.

The IDF curves can also be expressed in a mathematical form, in which rainfall intensity (7) is
defined by

<

:z‘“«ef

i (2.2)
where ¢ is the duration of storm, ¢ is related to the exceedance probability, and e and f are
coefficients. The coefficients can be determined by log-linear regression, however, these constants

vary with station location and return period.

Frequency analysis can be performed numerically using the mean, standard deviation, and skewness
of the rainfall intensities with the storm duration being fixed. Various probability distributions, such
as lognormal (LN}, and log-Pearson (LP) I1I, have been investigated, however, EV I is most often

used. Often, the frequency factor method (Maidment, 1993) is used, such as

x=u+ Ko (2.3)

in which x is the design storm, # and o are the mean and standard deviation of the data, and K is the

frequency factor specific for a given distribution and annual return period.

In summary, design storm estimates from IDF curves and relationships are derived using single site
frequency analysis in which the annual time series is assumed to be independent (free of correlation
and trends). The impact of human activities on the weather, such as climate change, is ignored. In
this study, the assumption of independency is questioned based on an autocorrelation analysis,
which examines correlation in the time domain of the rainfall series. To determine if precipitation

data is affected by climate change, the Mann-Kendall test is applied on single sites to detect the
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possibility of significant trends.

2.1.1  TDistribution Selection and Parameter Estimation

In frequency analysis, there is no theoretical basis in selecting one statistical distribution over the
other to describe the behaviour of extreme hydrologic variables (Alexander et al., 1969). Inpractise,
many distributions are selected to “best’ fit the raw data. A vanety of goodness-of-fit tests are
applied to determine which distribution is to be selected, based on an agreement between the

distribution and the extreme variables.

Many goodness-of-fit tests have been applied to annual extreme rainfall data. A graphical approach
applied by Dalrymple (1960) and Farmer and Fletcher (1972) uses probability papers and plotting
positions to plot the observed data for comparison with the theoretical distribution. Other statistical
tests, such as the Chi-Square, and Kolmogorov-Smirnov (Keeping, 1966), compare the discrepancy
between the frequency distribution as observed in the data and the hypothesized distribution.
Matalas and Wallis (1973) have doubted the use of these tests due to their subjectivity of the index
of it and the plotting position.

A suitable distribution can be based on moment ratio diagrams (Wu and Goodridge, 1974; Waitand
Nozdryn-Plotnicki, 1980). The coefficients of skewness and kurtosis are computed for the sample
and compared with the coefficients of the parent distributions. However, sampling errors exist in
estimating higher order moments associated with existing ranges of record length (Hazen, 1924
Wallisetal, 1974).

The lack of a firm theoretical procedure for selecting an appropriate statistical distribution in
rainfall analysis leads national meteorological agencies to adapt a policy of standardizing IDF
analysis {Gupta, 1970). The most frequently used probability distribution in the analysis of rainfall
data is the two-parameter EV I distribution (WMO, 1981), with constant skewness and kurtosis of
1.14 and 5.4, respectively. The WMO (1981 ) indicated the second most used distribution is the two-
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parameter LN with a constant theoretical skewness and kurtosis of 0.0 and 3.0, respectively.

Even though the EV [ is used in Canada, other studies have found problems with the distribution
based on climate, geographical regions, and storm durations. Wurtele and Roe (1978) suggested the
use of the EV 1 in regions with moderate to high rainfall intensity characteristics, while desert
regions were better fitted with the EV II. Uppala (1978) found the rainfall data in western Finland
was best fit with the EV II distribution, while the EV III was more appropriate in Eastern Finland.
Snevers (1977 and 1978) found a discrepancy of distribution selection for different storm duration
in annua!l rainfall maxima in Belgium. The EV I distribution was fit for storm durations less than
30 minutes and the GEV Il distribution for storm durations ranging from1 to 24 hours. Pilon et al.
(1991) found that the rainfall data in Ontario, Canada are best fitted by the general extreme value
(GEV) distribution, the parameters of which depend on storm duration.

Once the appropriate probability distribution is chosen to describe the observed data, the parameters
of the distribution must be estimated. Two common approaches used for parameter estimation are
the method of moments and maximum likelihood methods. Both parameter estimation methods
have shown to produce nearly unbiased results in fitting to the two-parameter EV I distribution
(Watt and Nozdryn-Plotnicki, 1980; among others). However, the method of moments is simpler
to compute, and is often used for this distribution. In three-parameter distributions, there is no
general agreement in which technique should be used. The efficiency in the method of maximum
likelihood is dependent on the sample size. Matalas and Wallis (1973) have shown that the method
of maximum likelithood is efficient for large samples, while Bobee and Robitaille (1977) found the
efficiency to decrease as the sample size decreases. The efficiency of the method of moments is
affected by the presence of outliers (high or low) in the data set (Klemes, 1987). This issue has not

been further investigated m this thesis.

An alternate approach for parameter estimation was introduced by Greenwood (1979) in the form
of probability weighted moments (PWM). Landwehr et al. (1979) found the PWM to be an unbiased

parameter estimator for data samples drawn from purely random samples in comparison with the
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method of moments and the method of maximum likelthood. Hosking (1990) used the PWM
through the development of lincar moment statistics {L-moments). This topic is further discussed

in Chapter 3.

In summary, single site frequency analysis and IDF relationships are prone to errors, often occurring
from the assumptions of (1) selection of probability distribution and (i1) method used in fitting the
observed data to the distribution. The EV I distribution is used in IDF analysis, however, it is
usually used based on administrative and standardization considerations. Regional approaches have
been recognized to significantly reduce quantile estimates relative to that in single site approach
(Pilon and Adamowski, 1992, among others). Regional techniques also have the ability to extend
gauging networks to ungauged sites, allowing design storms to be estimated in regions with no
rainfall data. In this thesis, a regional approach was applied to the province of Ontario to determine
regions experiencing trends (increasing or decreasing). This method also allows us to estimate

changes in trends for sites with no rainfall data.

2.2 Identification of ogeneous Regions

For a group of sites to be considered as one homogenous region, it is often assumed that the
meteorological and physiographic characteristics governing the generation processes of the
hydrologic extreme variable should be similar. The process of identifying a homogenesous region
is usually difficult and requires a great amount of subjective judgement. The benefits in regional
analysis is transferring information between sites within a homogeneous region allowing estimates

to be made at ungauged sites.

The delineation of homogeneous regions consists of {wo steps: (i) grouping mechanisms and (i)
homogeneity test. The first step in forming regions is to find a procedure to group together sites
with similar characteristics. The newly formed region is then tested to determine if it is actually

homogeneous, if not, then the process 1s repeated by regrouping sites.
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2.2.3 Grouping Mechanisms

Site characteristics are used fo initially group sites into one region, which would describe
geographical location, elevation, and other physical properties of the site. Site characteristics can
also be estimates that are known before any data are measured at the site, such as the mean annual
precipitation, or estimates from the data measured at the site, such as the time of year which a flood

occurs. The following are general grouping methods performed by authors in regional analysis:

a) Geographic Location

A subjective and simple approach in forming regions is choosing sites that neighbour each other,
based on administrative areas (National Environmental Research Council, 1975) or major physical
grouping of sites (Matalas et al.,, 1975). Acreman and Sinclair (1986) indicate that neighbouring
stations and basins can be physically and hydrologically different, along with their generation
mechanism of the extreme event. Aronetal. (1987) performed a study in Pennsylvania State, USA,
in which IDF curves were developed using the LP 3 distribution for five geographically defined

regions. The regions were not tested statistically if in fact the regions formed were homogeneous.

a) Subiective Partitioning

Homogeneous regions may be defined based on the similarity of site characteristics between
stations. In analysing annual maximum precipitation data in Washington State, USA, Schaefer
(1990) formed regions based on sites with similar mean annual precipitation. In the analysis of
annual maximum stream flow data in the provinces of Ontario and Quebec, Canada, Gingras et al.
(1994) formed regions by grouping sites corresponding to the time of year at which the largest
flooding event typically occurred. Gingras and Adamowski (1993) delineated regions in the
province of New Brunswick, Canada by grouping basins with probability density functions of

similar shape, which reflected similar flood generating mechanisms.
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b) Obiective Partitioning

Homogeneous regions are developed based on a threshold value of a chosen site characteristic to
minimize a within-group heterogeneity criterion, such gs likelihood-ratio statistic (Wiltshire, 1985),
sample coefficient of variation (Wiltshire, 1986a), or sample L-CV and L-skewness (Pearson,
1991a). The sites are then assigned into one of two groups depending on whether the statistic does
or does not exceed the threshold value. The groups are then further subdivided until a final set of
acceptable homogenous regions isachieved. Regionalization of streamflow data for drainage basins

was performed by Pearson (1991b) in New Zealand using this approach.

) Cluster Analysis

In regional frequency analysis, the cluster analysis is a standard procedure to divide data sets into
groups to form homogeneous regions. Data vectors, composed of at-site statistics, site
characteristics, or the combination of the two, are associated with a specific site. All sites in the

analysis are separated into groups according to the similarity of their data vectors.

De Coursey (1973) applied this procedure to form groups having similar flood response, based on
site characteristics of streamflow gaging sites in Oklahoma. Acreman and Sinclair (1986) formed
five regions, four being homogeneous, for annual maximum streamflow data of 168 gaging sites in
Scotland. Burn (1989) used this approach to form regions for flood frequency analysis, though his
clustering variables included at-site statistics. Guitman et al. (1993) formed 104 regions, 101 being
homogeneous, for annual precipitation totals for 1119 sites in the USA. Farhan (1984) used cluster
analysis to form regions for stream gaging sites in Jordan on the basis of four principal components

formed from a matrix of site characieristics.
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dj Other Multivariate Analysis Methods

Other statistical methods, such as factor analysis and principal components, have been used to group
similar sites. The factor analysis approach was applied by White (1975) to classify drainage basins
in Pennsylvania, while Burn (1588)used principal component analysis on series of annual maximum

streamflow data.

In this thesis, regions were initially formed based on the geographical approach by placing
neighbouring sites together. This approach alone is guite subjective, therefore, similar sites were
grouped together based on the mean annual precipitation (MAP), and direction of trend (plus or
minus). Such an approach is unique and has not been reported elsewhere in the literature. This
method implies that neighbouring sites with similar MAP should experience the same increase or

decrease in extreme rainfall due to climate change.

2.2.2 Tests for Regional Homogeneity

Once a set of sites have been grouped to form a region, it is then required to test if the region can
be accepted as homogeneous. The test consists of examining whether the at-site frequency
distributions are the same except for a site-specific scaling factor (Hosking, 1997). The hypothesis
of homogeneity is ultimately based on the data at the N sites in the region and whether it is

consistent with the relation between the at-site frequency distribution.

One methodology that can be used in determining homogeneous regions in regional flood frequency
analysis is the regression approach. Peak flood estimates are related to physiographic and climatic
parameters, which govern the generation mechanisms of the flooding event, and ordinary least
square approaches is used to estimate regression parameters. Important physiographic and climatic
variables in regression analysis are basin siope, basin area, and mean annual precipitation.
However, homogeneous region are obtained through visual assessment of the mapped regression

residuals (Stedinger and Tasker, 1985).
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Another method in flood frequency analysis o test for homogeneity is the index flood (Dalrymple,
1960). This approach develops a regional frequency curve for a homogenecus regions which
consists of two steps: the development of basic dimensionless frequency curves relating the ratio
of the flood (of any frequency) to an index flood (the mean annual flood). The second step is
relating characteristics of drainage area and the mean annual flood in order to predict the mean
annual flood at any location within the region. The homogeneity test determines if the individual
frequency curves from each station can justifiably be combined by examining if the records from
each site differ from one another by amounts attributed to chance. The test utilizes the 10 year flood
estimates from the frequency curves of each station in the proposed region, and confidence limits
are set to determine if the differences are accepted statistically. However, Benson (1962) indicated

the test was not sensitive to a wide variety of extreme value characteristics.

The majority of tests involve a quantity, 8, that measures some aspect of the frequency distribution
which is constant in a homogeneous region. Various researchers have used different statistics for
the quantity of 8: Dalrymple (1960) utilized the 10-year flooding event scaled by the mean,
Wiltshire (1986a) used the coefficient of variation, Chowdhury et al.(1991) used a combination of
L-CV and L-skewness, and Hosking and Wallis {1993) used the L-CV or some combination of the

L-CV, L-skewness, and L-Kurtosis. The test consists of determining the at-site estimate, & 0

based on the data for site i, and the regional estimate, & R using data from all the sites in the

region. A test statistic, s, measuring the difference between the at-site and regional estimates is

employed and expressed as (Hosking, 1997)

E

&=

[Rag

it

(6 - 6%y 2.4)

The observed value of s for the region is compared with the “null distribution” that s would have
if the region were homogeneous. The theoretical s found from the null distribution usually involves
an assumption in selecting the frequency distribution for the sites in the region. The distribution is

assumed to be Gumbel by Dalrymple (1960) and Fill and Stedinger (1995), generalized extreme
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value by Chowdhury et al. (1991) and Lu and Stedinger (1992), and kappa by Hosking and Wallis
{1993). Wilishire (1986a) used a nonparametric jackknife approach to estimates the null
distribution. The assumption of homogeneity in a region is rejected if the observed value of s lies
far in the tail of its null distribution, indicating that it is unlikely that such an extreme value occurred

by chance in a homogeneous region.

Another approach to test homogeneity in a region utilizes the likelihood-ratio tests that compare the
fit of regional and at-site generalized extreme-value distributions fitted to the data by the method
of maximum likelthood (Acreman and Sinclair, 1986; Buishand, 1989). Wilishire’s (1986b) test
is based on the observation that if site 1 has data 0, j = 1,....n, and a frequency distribution with
cumulative function F(.), then the “G-statistics”, G, = F{Q;), form a random sample from a uniform
distribution on the interval (0,1) and should take an average value of 0.5. When 7 is replaced by
a fitted distribution obtained from regional analysis, the G-statistics should remain constant if the
region really is homogeneous, but nor otherwise. Wiltshire obtained the statistic that tests the
similarity of the average deviation from 0.5 of each site’s G-statistics calculated from the fitted

regional distribution

The most rigorous and powerful approach was developed by Hosking and Wallis {1993) with the
use of L-moments. The procedure first introduces a discordancy measure to identify sites whose at-
site L. moments are significantly different then the rest of the sites to form the proposed region.
Then a heterogeneity measure is introduced which compares the difference between the weighted
standard deviation of the at-site sample L-CV for the proposed region from the mean of 500
simulated homogeneous regions produced from the kappa distribution. Alila et al. (1994), applied
this approach to test regions delineated by map and L-CV to determine regional IDF relationships

for Canada.

The L-moment procedure developed by Hosking and Wallis (1993) is used in this thesis to delineate
regions for the 5,10,15,30, minute and 1, 2, 6, 12 hour storm durations for the 20 and 25 year time

frame. The discordancy measure was used to find irregular sites in a proposed regions, while, the
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heterogeneity measure was used to determine if the grouped sites were actually homogeneous. The

theoretical development for this procedure is outlined in Chapter 3.

During the past century, the presence of trends in precipitation has been detected over many regions
of the world (Groisman and Legates, 1995; IPCC, 1998), especially in mid-to-high latitude land
areas (IPCC, 1996). The occurrence’s of large flooding events has increased since the 1990's (Karl
and Easterling, 1999) in Asia, Europe, and the United States, suggesting a change in precipitation
extremes. Global studies have been performed to find evidence of an increase in precipitation totals

and how it will affect precipitation extremes (Groisman et al., 1999).

In climate change studies, various characteristics are chosen in the analysis, such as days with severe
droughts, flooding events, daily and annual precipitation, and extreme precipitation. After such
characteristics have been chosen, a methodology is used in order to determine if it is actually
susceptible to climate change. This section will outline various characteristics, methodologies and

results from recent climate change studies around the world.

2.3.1 Indicators for Climate Change

Extreme climate indices have been developed to examine the effect of the injection of greenhouse
gases inio the environment on climatic variables (temperature and precipitation). In the United
States, Karl et al. (1996) introduced the climate change indices {CEI). The CEI is the annual
arithmetic averages composed of the following factors based on the percentage of area of the US:
(1) maximum temperature above and below normal; (2) minimum temperatures above and below
normal; (3) severe drought and severe moisture surplus; (4) twice the percent area of the US with
much greater than normal proportion of precipitation derived from exireme (more than 2 inches)
1- day precipitation events; and (5) much greater than normal number of days with and without

precipitation. The definition for above/below normal conditions as those falling in the upper/lower
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tenth percentile of the record period. The lower limit of the CEI index is 0%, meaning that no
portion of the country is subject to any of the extremes of temperature or precipitation. The upper
limit is the value of 100%, indicating the entire country is under extreme conditions throughout the

year for each of the five indicators.

In Canada, Zhang et al. (2000) presented abnormal and extreme climate indices, abnormal being
defined as percentages of the nation affected by cold (dry) and warm (wet) conditions, respectively,
and represent precipitation below the 34 and above the 67" percentiles in the time series. Extreme
indices represent precipitation below the 10™ and above the 90% percentile, respectively. Zhang
gridded the station’s rainfall data using a technigue developed by Hogg et al. (1997). In the extreme
dry indices analysis, Zhang counted the number of grids in that season when the precipitation was
below the 10th percentile. The extreme dry indices was then obtained by dividing the number of
grids below the 10™ percentile by the total number of grids. The same procedure was repeated for
the other indices. Plummer et al. (1999) applied extremely wet and dry indices for the continent of
Australia. Extremely dry and wet was defined as the percentage of Australia below the 10" and
higher than the 90™ percentile of the annual total. The annual percentile’s were computed for

individual stations and area weighting were determined using the Thiessen polygon approach.

Zhai et al. (1999) created his own rainfall index (RI) to define regional droughts and floods in
China. His analysis focussed on the summer months (June-August) for the period of 1961 t0 1990,
His RI index consists of the mean total rainfall, the number of stations in the region and the number
of stations with positive summer rainfall anomalies. If the R is higher than 25% and 35% then a
flood and severe flood conditions are defined. If the index was below -25% and -35% than a

drought and severe drought conditions are defined.

Precipitation totals are often used to determine if 2 higher quantity of precipitation isbeing achieved
in recent decades. Zhang et al. (2000) used annual precipitation totals to determine if increasing
or decreasing trends are found in Canada, while Groisman et al. (1999) used summer daily

precipitation data to determine if an increase would affect heavy precipitation rates. Gruza et al.



{1999) used mean annual precipitation and precipitation totals in the cold and warm seasons in

Russia as an indicator for climate change.

Maximum 1-day and 3-day rainfall events have been often used in recent studies. Heino et al.
(1999) utilized heavy 1-day totals in Northern and Central Europe, due to their role in flocding in
small watershed in urban areas. Zhai et al. (1999) utilized maximum 1-day and 3-day rainfall totals
in China.

Thresholds are utilized in studies to determine if the number of days of precipitation are frequently
exceeding the arbitrarily chosen limit. Heino et al. (1999) applied this techniques to determine the
number of days precipitation exceeded 10 mm in Northern and Central Europe, while Zhai et al.
(1999) selected three threshold values, 10 mm, 50 mm, and 100 mm/day, for the 1-day rainfall event
in China. Groisman et al. (1999) selected a threshold value based on the geographical location of
the region. A threshold of 2 inches (50.8 mm) was selected for mid-latitude countries (USA and
Mexico) and 1 inch (50.8 mm) for high latitude countries (Canada, Russia and Norway). Other
researchers (Gruza et al., 1999; Groisman et al., 1999) used the number of days with measurable
precipitation over a selected value. The value was also dependent on the country studied, where

as 0.1mm/day was used China and 1 mm/day was chosen for Canada and Russia.

After the characteristic data set has been chosen, a trend analysis is performed to determine if the
variable is changing over time. The trends are often assumed to be linear and found by performing

simple linear regression. The statistical model used is

Y=a+fit+eg (2.6)

where Y, is the variable at time 7, o is a constant term, § is the slope of the regression line, and g, is
the noise at time 7. The constants o and  are regression parameters and the noise can be described
by a pth order autoregressive model of the order 1. Zhang (2001) used a method to incorporate

serial correlation in the trend computation. However, authors {Groisman et al., 1999) often simplify
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the analysis by assuming independent precipitation events and do not explore the temporal

correlation which may exist in precipitation data sets.

The magnitude of trend can be estimated by linear regression and its significance with a two-sided
t-test. Another approach is to use Sen’s estimate of the slope (Gilbert, 1987) and the significance
with the non-parametric Mann-Kendall test (Sneyers, 1990). Heino et al. (1999) estimated the
magnitude of trend using linear regression and Ser’s estimate and found very similar results.

Significance levels of trend are usually chosen at 5, 1, and 0.1 % levels.

In this thesis, the annual maximum 1-day event (often referred as the annual maximum series) was
used as the characteristic for the trend analysis. The magnitude of trend was estimated using linear
regression techniques, and serial correlation was used in the analysis to account for time
dependence. The significance of the trend was estimated using the non-parametric Mann-Kendall

trend test at a 5% level. This procedure was applied to single sites and in the regional approach.

2.3.2 Results of Previous Climate Change Studies

Groisman et al. (1999) applied a statistical model to determine the effects of climate change on
heavy daily precipitation in the summer months for 8 countries: USA, Mexico, Canada, Russia,
Norway, Poland, Australia and China. For North America, the daily precipitation data was
accurnulated at the National Climatic Data Center where 93 and 202 stations were used for Canada
and Mexico, spanning the years 1900-1995 and 1950-1990, respectively. A total of 134 stations
from the US Historical Climatology Network was used for the US with century long records. In
Europe, 13 century long stations for Norway and 10 stations with data available after the world war
11 were used for Poland. In China, 198 stations spanning from 1951 to 1994 were used, while 379
stations were available in Australia with records startling as early as 1891 ti11 1994. In Russia, 223

stations were available ranging from 1943 to 1994.
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The gamma distribution was used to model daily rainfall with three parameters: {1) shape (which
remains relatively stable), (2} scale (which is most variable spatially and temporally), and (3)
probability of daily precipitation. Groisman et al. (1999) found the strongest change in heavy
precipitation occurred with variation of the scale parameter, indicating that changes in mean

monthly precipitation totals tend to have the most influence on heavy precipitation rates.

For the USA, Australia and Morway, Groisman et al. (1999) searched for century long trends in
precipitation frequency. In the USA, no significant trends in the summer and winter seasons were
found, however, the spring and autumn trends had an annual increase of 5 to 6 precipitation days
relative to the beginning of the century and the linear trends were significantly different than zero.
In the summer season of the southeast region of Australia, a century-long statistically significant
increase of 20% in precipitation frequency was detected. However, there was no significant changes
in the frequency of rainy days in the winter scason of Australia. In a related study, Hennessy et al.
{1998) found significant increases in the number of rain days in all seasons, except winter, from
1910 10 1995. In Norway, century long trends in annual precipitation was found by Hanssen-Bauer
and Forland (1994). The probability of daily precipitation exceeds 50% and the increase in summer

total precipitation was followed by an increase in precipitation frequency.

For Canada and Russia, Groisman et al. (1999) analysed the probability of days with measurable
precipitation above 1 mm. In southern Canada (south of 55°N) no significant trends were found,
however, the number of days with rainfall has increased afier the mid 1970's. There is also no trend
in the number of days with summer precipitation. The number of summer days with precipitation
greater than I mm has not changed over the European part of Russia, however, significant trends
were found in the frequency of sumimer precipitation events above 20 mm. A statistically significant

decreasing trend in precipitation frequency was observed over Siberia, the Asian part of Russia

Researchers (IPCC, 1996; among others) found at least a 5% increase in mean summer precipitation
in all of the eight countries analysed. Groisman et al. (1999) applied this 5% increase in mean

sumimer precipitation 1o the statistical model to determine its affect on heavy precipitation. Heavy
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precipitation was defined as daily precipitation exceeding 2 inches for mid-latitude countries (USA

and Mexico) and 1 inch for high-latitude countries (Canada and Norway).

In regions in the eastern USA, a 5§ % increase in mean daily precipitation causes the probability of
daily precipitation above 2 inches to increase by approximately 20%. In Mexico, an increase of 5%
in summer precipitation yields a 20 to 30% increase in the probability of daily summer precipitation
above 2 inches (excluding the desert regions). In this scenario, more than 70% of the increase in

mean summer precipitation over the tropical regions of Mexico is caused by heavy rains.

For Canada, Russia, Poland and Norway the mean summer precipitation increased by 20% in the
probability of days with precipitation above 1 inch. Heavy rainfall events cause a 30% increase in
Russia, Canada, and Northern Norway and more than 40% in Southern Norway, and Poland of the

increase of mean daily precipitation.

Zhang (20600) analysed precipitation totals in Canada for daily rainfall totals from 489 stations. The
stations were subjected to rigorous quality and control and the data covers the majority of the

country with a time period from 1900 t01998.

Zhang (2000) found abnormally dry conditions (precipitation less than 34™ percentile) have been
gradually decreasing, while abnormally wet conditions (precipitation greater than the 66™ percentile)
have increased from the period of 1900 till 1998. Extreme climate indices generally follow the
same changes as the abnormal indices. One significant change is that summer precipitation,
extreme dry and wet conditions, have increased in comparison with the abnormal index. The
indices from 1950 till 1998 gradually decreased for the abnormal dry condition, while abnormal wet
conditions gradually increased decade by decade. Both extreme indices generally displayed the

same pattern as the abnormal indices for this time period.

Zhang (1999) found that total annual precipitation has increase by 12% in southemn Canada from

the time period of 1900 till 1998, with a steady increase found during 1920 till 1970. In some areas
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of Southem Canada, the increase in precipitation is as high as 30%. Significant increasing trends
were found in each province, with the exception of Alberta and Saskatchewan. In terms of
percentages, eastern Canada experienced the greatest increase in all four seasons, although Quebec
did not experience significant frends in the winter and spring seasons. British Columbia also
experienced significant increases in all four seasons, while the Prairies experienced the least

increases in precipitation with only the winter have significant trends.

Annual precipitation increased by 5% to 35% during the period of 1950 till 1998 in different areas
of Canada. In general, increasing trends were found in all seasons for precipitation totals, and some
area of decreasing trends were found in the winter season. Significant increasing trends were found
in the Arctic (north of 60°N), while winter precipifation generally decreased in some areas of

southern Canada.

Gruza et al. (1999) performed a climate change study within the Russian Federation (RF) territory
as a whole and for its western part labelled the Russian Permafrost Free (RPF) territory. The data
set contains monthly precipitation totals from 455 meteorological stations located within the former
Soviet Union during the period of 1866 to 1995 and 202 precipitation stations contain data from
1901 to 1995. A data set composed of 41 stations with a time period of 1966 to 1995 was used in

the analysis of extremes precipifation.

To test for regional climate change, Gruza et al. (1999) used an area-average technique to
characterize the regional climate variability. This is composed of two steps: (1) averages in 5°
latitude by 5° longitude boxes were calculated from the stations located within each box; (i1) area-

weighted averaging was performed, based on the mean value of each box.

Annual mean precipitation, and precipitation for both warm and cold seasons experienced weak
negative frends for the area-averaged RPF territory. Overall, the time series of the percentage of the
area of the RPF covered by extreme anomalies showed a decrease of precipitation over Russian

territory. The majority of decreases in the annual mean precipitation are found in the cold season.
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For climate exiremes during the winter seasons, a few stations displayed increasing number of days
with precipitation exceeding the 95% percentile in European Russia (north of 55°) and in the center
of Siberia. Decreasing trends were found in most of the other stations used in the analysis. For
climate extremes during the summer seasons, there was an increase in summer precipitation at all
stations in European Russia, however, negative linear trends in summer precipitation were generally

obtained in other regions experiencing fewer days with heavy precipitation.

Heino et al. {1999) performed a long-term study on various extreme parameters in Northern and
Central Europe. The northern countries consist of Finland, Sweden, and Norway, while the central
countries are Poland, Germany, Switzerland, and Czech Republic. Record lengths for stations

analyzed ranged from 1901 to 1995 and the data compiled were for an annual time series.

The researchers found no major trend in the maximum 1-day precipitation in the various countries
in Europe. One station in Germany had the only significant trend, while insignificant increasing and
decreasing trends are found in other countries. Heino (1999) indicates that 1-day precipitation totals
from single stations is not a great indicator of climate change, however, regional trends of maximum

precipitation should be used with a dense network of stations in 2 region.

Another method used by the researchers were the number of days with precipitation exceeding 10
mim, an important statistic in extremes analysis. One German station and a Norwegian station
showed an increasing trend at a 5% significance level. Heino et al. (1999) mentions this statistic
has its fault’s, such as regions in the world where 10 mm of rain occurs ofien and some regions

where 10 mm occurs seldom.

Plummer et al. (1999) performed a study on changes in climate extremes in the Australian regions
using 379 stations in the analysis of precipitation with a time period beginning in 1910 and ending
in 1995. Plummer followed the work performed by Salinger et al. (1996) where an increase in
summer precipitation over Eastern Australia was found, while decreases were observed over parts

of Southwestern Australia in the winter season.



Australia was separated into four quadrants (separated by 26°S and 135°E) using arca-weighted
averages for the indices based on rainfall and a modification to the Thiessen Polygon method
{Lavery et al., 1997). Annual percentile values (Moore and McCabe, 1993) were calculated for
individual stations and area weightings were derived from the Thiessen polygon procedure over the
period 1910 to 1995, The percentage of Australia experiencing extreme dry conditions (below decile
1 or 10" percentile of annual total) has decreased slightly since 1910. Due to high rainfall totals in
the mid-70’s, a small increase in the area experiencing wet conditions (90% percentile) was found.

At a 95 % level, neither trend 1s significant.

A number of authors (Yu and Neil, 1993; Lough, 1993 and 1997, Nicholls and Kariko, 1993,
Suppiah and Hennessy, 1996) analyzed trends in heavy rainfall intensity in Ausiralia revealing the
results are dependent on the different definitions for heavy rainfall events and different statistical
methods. In Plummer’s work, heavy rainfail was defined as the 99" percentile of daily data for a
period of 1910 to 1995. For changes in the intensity of heavy rainfall, the frequency of heavy
rainfall are presented for a threshold of 1 inch. Heavy rainfall indices were computed at individual

stations, then the Thiessen polygon method was used to develop arca-averages for each quadrant.

For Australia as a whole, the 99™ percentile rainfall intensity has experienced little change over the
period of 1910-1993. More increasing trends were found for guadrants and seasons than decreasing,
however, none significant at a 5% level. Southeast Australia in the autumn season had a 24%
increase (significant at 6%) in precipitation and a 20% increase was observed in northwest winter
and southwest summer. A decreasing trend of 20% was found in northeast winter and southwest
autumn. In a related study, Hennessy et al. (1998) found a 31% increase in the 99™ percentile in
Southeastern Australia and a significant 13% decrease in Southwest Western Australia in the winter
season. No significant trends were found at a 5% level in the annual number of days with rainfall
over 25.4 mm. In general, small increases have been observed in summer and autumn seasons,

while decreases have been scen in the winter season.



Zhai et al. (1999) performed 2 study on daily precipitation totals for 296 stations that had good
spatial coverage of China. China was subjectively delineated into 8 regions, and the climate
extreme indices were obtained by arithmetic means inside each region and weighted by area to give

the trend.

For annual precipitation totals, a clear trend (increasing or decreasing) was not observed in the data
sets, however large inter-annual variation are evident in the proportion of China affected by extreme
annual precipitation totals. Increasing trends was seen in Western Northwest China, however the
other regions experienced a negative trend (North China experiencing a significant negative trend
at a 5% level). With the exception of Northwest China, the remaining regions covered by a much
greater than normal number of rain days decreased significantly during 1951-1995. The discrepancy
between trends in the extreme amount of annual precipitation and the number of rainy days suggests

that rainfall intensity is changing.

For 1-day and 3-day maximum rainfalls, no significant trends were observed in China as a whole.
North China was found to have statistically significant decreasing trends in both 1-day and 3-day
rainfall extremes, while North West China had increasing trends, but not significant.

For amount and days of high intensity rainfall, decreasing trends were observed from daily
precipitation greater than various thresholds (greater than 10 mm, 50 mm, and 100 mm rainfalls
daily) for China as a whole. However, large areas of China experienced an increasing frequency of
extreme amounts of heavy rainfalls (greater than 10 mm, 50 mim, and 100 mm rainfalls daily) after
1970's.

A statistically significant increasing trend is seen in Western Northwest China for the percent area

of much more than normal rainfalls with a daily threshold above 10 mm, while North China had

a decreasing trend.
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In terms of days with daily precipitation greater than 10 mm decreasing trends are generally found
with significant trends in Northeast and Southwest China. For rainfall days with daily rainfall above
50 mm, statistically significant increasing trends can be found in certain locations of China
{Northeast, North, Northwest China). Statistically significant decreasing trends in the number of

days with daily rainfall above 100 mm are apparent in much of China.

For rainfall intensity, China experienced a statistically significant positive trends, while three
regions (South, East, and North China) also experienced significant trends. Zhai et al (1999) suggest
the high increasing in rainfall intensity in these regions is due to the East Asian Monsoon. For the
longest consecutive rain days, China experienced a statistically significant decreasing frend. All

regions had decreasing trends with 7 out of the 8 regions being statistically significant at 2 5% level.

In Italy, Brunetti et al. (2001) performed a study on 5 rainfall stations in northern Italy: Genoa
(1833-1998), Milan {1858-1998), Mantova (1868-1997), Bologna (1879-1998) and Ferrara (1879-
1996). Regional anomaly series were computed for the five stations on a seasonal and yearly basis.
Anomalies included in the analysis were: number of days with precipitation greater than 1 mm, and
average rain amount per rain day. In addition, anomalies were calculated for the proportion of daily
precipitation falling in the following categories: 1.00-2.49 mm, 2.50 mm - 12.49 mm, 12.50 mm -
24.99 mm, 25.00 mm - 49.99 mm, 50.00 mm, and greater than 50 mm. . The non-parametric Mann-

Kendall test was applied to the anomalies to detect any significant trends.

Brunetti found the average number of rain days over the five stations in the period of 1834-1998
having a more significant trend than total precipitation, on a yearly and seasonal basis. A positive
increasing trend in precipitation intensity was detected causing an increase in the proportion of daily
precipitation falling in the higher precipitation intervals (25 mm - 49.99 mm and greater than 50

mm). A decrease was observed in the precipitation falling in the lower intervals (0 to 12.49 mm).

In summary, statistical evidence (Karl et al, 1995; Karl and Knight, 1998; Groisman et al., 1999,

Zhang et al, 1999) exists suggesting extreme and total precipitation totals are changing in recent
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decades in the region of North America. To the author’s knowledge, no tests have been performed
on the different storm (5 min to 12 hour) durations of extreme rainfall. Therefore, in this thesis,
trends are examined in the annual maximum (1-day event) for various durations for single sites and

regional data sets.

2.4 tial Analysis

In most studies, the detection of trends are studied without taking into account the role of spatial
correlation and ignoring its importance in statistical analysis (Douglas et al., 2000). Neglecting
spatial correlation in trend detection is due to the requirement of independent observations in most
trend tests. Spatial correlation (cross correlation) creates an overlap in information contained in
each data point, meaning a trend found at a site will most likely be found at a nearby site in a
spatially correlated region. Thus, correlation reduces the effective sample size of the data set. The
presence of correlation also nullifies the assumption of independently and identically distributed
{i1id) variables which is required in statistical analysis. Therefore, the significance of the test
statistic for trend detection must be determined by the development of an approximate statistical
distribution (Douglas et al., 2000).

To detect observed cross correlation in data sets, two methods have been commonly used. The first
utilizes the binomial distribution on a procedure developed by Livezey and Chen (1983) and the

ther uses the techniques of geostatistics.

2.4.1 Binomial Distribution

The fundamental question in using this approach is determining the probability that significant
correlation at a 95% level can occur by chance, or (in terms of specific confidence level), what
percent of area represented by significant correlations would be equalled or exceeded one out of

twenty (5%) by accident {(Livezey and Chen, 1983).

31

«



In terms of probability, the binomial distribution is used to describe situations where only two
outcomes are possible. Therefore, this distribution can be applied in the design of overall
significance tests where the two scenario’s are test passed (probability equal to 0.05) and tests failed
(probability equal to 0.95). Given a collection of independent tests, IV, and a significance level of

95% (probability (p) equal to 0.05), the binomial distribution is expressed as

/1

- ____f__________ i1 -7 5
A= (1- p) (2.5)

by

where, p, is the probability of an event succeeding » times. The probability of an exact number
succeeding events is computed using equation 2.5, and the cumulative probability greater than or
equal to the exact number events (P(r>r,}) can be computed as well. Linear interpolation is used
to determine the threshold criterion, the number of significant tests, r,, that will occur by chance
for P=0.05. The value of 7, is compared with the significant tests found from the observed results,

r. If r exceeds the value of 7,, then the region is spatially correlated.

Zhang et al. (2001) studied streamflow data which consisted of 151 basins for a 30-year period, 71
for a 40 year period, and 47 for a 50 year period, respectively. The researchers determined the trend
and local significance for each basin separately. The percentage of basins where significant trend
is detected was used as a measure of global significance. The significance of trend over the entire
spatial field of observations was estimated by comparing the percentage of basins where significant
trend was detected, to the percentage of trend would be expected to occur by chance (for a given

significance level and number of degrees of freedom).

Douglas et al. (2000) analyzed flood and low flows for 3 major geographic regions and 9 hydrologic
super regions (following Lettenmaieretal., 1994). Douglasetal. (2000)used the Livezey and Chen
{1983) procedure to determine if a region has significant autocorrelation. Autocorrelation was
found for each station in a region and compared to the number of significant tests that will be
equalled or exceeded by chance 5% of the time. If the observed autocorrelation for a region was

greater than what would occur by chance, then the region is significantly autocorrelated.



Douglas et al. (2000) compared the trend results from these regions by analysing two cases: with
cross correlation (spatially dependent) and without cross correlation (spatially independent).
Significance for regions that are spatially independent were found using analytical equations and
the use of the normal distribution, while significance for spatially correlated regions were found by
using 2 bootstrap procedure (discussed in Chapter 3) which creates an empirical cumulative
distribution function. They found that many more trend tests would have been considered
statistically significant if cross correlation was ignored. This emphasizes how misleading many

trend tests have been in the past if spatial correlation existed in the data sets.

2.4.2 Geostatistical Analysis

Geostatistics is a set of statistical estimation techniques involving variables which vary in space
(Kitanidis, 1993). Geostatistics is very popular in the mining industry, however, it has also found
some applications in the field of hydrology and geophysics (de Marsily and Delhomme, 1589,

Cressie, 1993). Possible applications of geostatistics include:

a) Averaging or integrating problems, such as taking measurements of precipitation at a
number of rain gauges and estimating the mean annual precipitation at an unknown location

and evaluating the accuracy of the estimate.

b) Inverse problem, such as taking measurements of hydraulic head at a number of wells and

other information and estimating the values of transmissivity using a groundwater model.

These problems illustrate the common characteristics for the application of geostatistics. They
involve the use of spatial vanables, such as precipitation, moisture content, and water table
elevation. Statistical techniques are then used to produce estimates of an unknown quantity with

the known spatial variables and determining the reliability and the accuracy of the estimate.
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The steps in a geostatistical analysis can be subdivided into two steps: structural analysis and best
linear unbiased estimation (BLUE). Structural analysis is the selection of a model, or
semivariogram, to describe spatial variability. It is based on the analysis of data and other
information, such as experience with data at similar sites and geologic and hydrologic information.
The selection of the variogram is an iterative process consisting of: (1) exploratory data analysis and
the selection of a temporary model, (2) parameter estimation based on the semivariogram selected

and (3} model validation or diagnostic checking (Kitanidis, 1993).

The variogram is the characterization of spatial autocorrelation in several directions and for various
lag distances to obtain an experimental variogram (Daviau et al.,, 2000). The variogram is the
difference between random variables at two different locations. If two stations are close together,
the differences in the variables and variance should be small (high correlation). As the distance
between station locations increases, differences in the variance becomes larger and larger, becoming
less correlated. In geostatistics, the increase in variance as the distance between stations increase
is called the range. Eventually, their will be a point where the data at different stations behave
independently of each and the variance becomes constant, known as the sill. If the variables contain
no range, meaning the plateau is reached instantly and the variogram is a horizontal line, then the

variables have no dependency to each other.

The BLUE procedure deals with finding the estimate of a value ( Z ) of z at an unmeasured station
{x,) from known observations (z(x,).....z(x,)) from neighbouring locations by using a linear estimator

such as :

B(x,)= D, A2(x,) (2.6)
i=1
where A are weights. The sum of all weights is usually 1 and are usually inversely proportional to
some power of the distance between the measured and unmeasured stations. A more objective
approach is fo choose weights based on the variogram technique. Ifthe variogram is approximately
constant, then the weights should be approximately the same. However, if the variogram has a

significant dip {or range) then larger weights should be selected for site’s close to the unmeasured
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location. A common approach is to use kriging technigues, a system of linear equations which are

unbiased and have the smallest possible mean square error, to solve for the weights.

Adamowski and Bocci (2001) expressed the variance of the random time trend and flow residual
variables in terms of semivariograms in order to capture the spatial dispersion in the regions
analysed. The components taken from the semivariograms were used in kriging technigues to
determined the weights and the regional time trend in 10 homogeneous regions containing 248

stations across Canada was determined.

Daviau et al. (2000) uses geostatistics to improve current methods for exploratory data analysis and
parameter estimation in current regional flood frequency analysis for eastern and central Canada
using 371 flow stations. Instead of point values, Daviau et al. (2000) used variograms to shape and
size a proposed region based on the degree of spatial correlation. The at-site estimates were then
obtained with the use of unbiased L-moments and kriging techniques (rather than regression) was
performed to map a spatially correlated surface based on the at-site parameters. GIS was then used
to measure the spatial association between the variables and to diagnose the homogenous regions

for further refinement using spatial contrast measures.

Geostatistics was used in this analysis to analyse the spatial correlation in the region. Variograms
were created to determine if a range existed in the precipitation field. Kriging techniques were not
applied in this thesis since estimates were not needed at ungauged locations. The purpose of
geostatistics in this thesis is to determine if a region is spatially independent or dependent, which
would ultimately decide if the significance of the trend could be found using analytical equations

and the normal distribution or if an empirical CDF would need to be created.
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3.1 L-Moments

In extreme flood and precipitation analysis, Hosking and Wallis (1993) developed a procedure
mvolving the grouping of sites with similar atiributes and characteristics to form one homogeneous
region. This procedure involves transforming the at-site data into L-moments, the assignment of
sites into a region based on a discordancy measure, and testing if the region is indeed homogeneous
by using a heterogeneity measure. In this thesis, homogeneous regions were delineated and

validated using the techniques and methodology discussed below.
3.1.1 Theory of L-Moments
The method of L-moments estimates statistical properties of hydrological data and defined as linear

combinations of a ranked data set {Wang, 1996) or estimated using probability weighted moments
(PWM) defined by Greenwood et al. (1979) as

B = E{x[ﬁ{x}]’é 3.1)
where x 15 a random variable with a cumulative distribution function /. Hosking (1986, 1990)
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defined the r-th L-moment of a random variable to be a linear combination of PWM’s expressed as

(3.2)

where

_,{g r
P = (1 k (3.3)

\
Forany distribution, Vogel and Fennessey {1993) showed the unbiased estimators b, of the r-th order

PWM , B,, can be expressed as

I < sl
bf‘ = ;Z =]

|
g (3.4)
‘L

where 7 18 the record length, and x(j} is an ordered annual maximum observation. For rbeing0, 1,

2, and 3, Equation 3.4 yields
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where r equaling 0 t0 3 will vield

L=
2:2/3 ,{f —
=6ﬂ 66+ fo G-

= 204, - 304, + 124, - 4,

in which %, is a measure of location, and A, is a measure of the dispersion. Hosking found it

convenient to standardize L-moments of order 3 such that the r-th moment ratio is given by

o= (3.8)

where the third moment, 1, is a measure of skewness and is defined by the ratio of A; 10 4,. The
fourth moment, 7,, is 2 measure of kurtosis and defined by the ratio of A, to A4,. The coefficient of

variation, L-CV, is the ratio of A, to A,.

3.1.2 Theoretical Properties of I-Moments

¢} Robustness

Robustness in a sample statistic occurs when its performance is unaffected by small changes in the
tails of the distribution, meaning that the presence of outliers in data sets do not significantly affect

the estimates of parameters.

Non-robustness in the method of moments is caused by the squaring and cubing of the data, giving
heavier weight to large observations in the sample. It was found (Royston 1991) that L-moments
are less sensitive to extreme outliers by using a non-parametric sampling technique. His work
showed that different values of skewness and kurtosis were found when outliers and no outliers

existed in the sub-samples, however, L-skewness and L-kurtosis values remained consistent around
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the population value with the presence of outliers.

{1y  Bias

An sample statistics is unbiased when the estimated quantity and the expected value are equal. In
using a non-parametric re-sampling technique, Royston (1991) discovered that L-moments can be
much less biased than the ordinary method of moments. Asskewness and kurtosis tend to decrease
as the sample size decreases, their L-moments displayed no decreasing trend. Wallis (1989) used
a parametric bootstrapping technigue to demonstrate the ability of L-moments to be less biased than
ordinary moments. In generating 100 samples using the EV I distribution with sample sizes ranging
from 10, 25, 40, and 100, Wallis found L-moment estimates of skewness and kurtosis to be less
biased, having a smaller variance and being normally distributed about their population values when

compared to the conventional moments estimates.

3.1.3 Discordancy Measure

The discordancy measure developed by Hosking and Wallis (1993} is used to identify and remove
sites containing properties which are irregular in comparison with others formed as one
homogeneous region. The L-moments (L-CV, L-skewness, and kurtosis) of 2 proposed region are
plotted in three dimensional space to form a cloud, as shown in figure 3.1. The center of the cloud
was determined by taking the average values of L-CV and L-skewness for all sites and two
concentric ellipses (major and minor axis) were constructed and selected to give the best fit to the
data (determined by the sample covariance matrix of the sites” L-moments}. Site’s to be removed

from the group exist beyond the outermost ellipse.
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L-CV,t

L-Skewness, t,

Figure 3.1: Definition sketch for the discordancy measure (after Hosking, 1997)

Let u, = [19, 1,9, 1,97 be a vector containing the L-moment ratios for site i (Hosking and Wallis,

1993), then the unweighted group average is defined as

The sample covariance matrix, S, is defined as
1 X \vi
S, =(W-0"Y (u - 7l - 7) (3.10)
i=1

Equation’s 3.9 and 3.10 are used to define the discordancy measure for site / as

D, = %ézﬁi ~ Q}TS"iézgi - ﬁ} (3.11)

Site’s which produce large values for D, indicate a difference between the discordant site and the
group as a whole. The threshold value for D, is 3, meaning if a site exceeds this threshold it will be

removed from the group. Hosking and Wallis mentioned that large values of D, should be examined
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regardless of the magnitude.

Hosking and Wallis suggest (1993 ) two uses for the discordancy measure: (i) applving the measure
to a large amount of sites in a geographical region before the analysis commences. The idea is to
flag sites with gross errors in their daia sets which stand out from the other sites in the region.
Errors can be caused in recoding the observed data or by man-induced changes, such as moving
gages to different sites (Hosking and Wallis, 1993); (i1) to remove sites from a proposed group into
a different group.

3.1.4 Homogeneous Tests for Regions

Hosking and Wallis (1993) developed a heterogeneity measure, H, to determine if a proposed region
can be treated as homogeneous. The H measure compares the site variations in sample L-moments

for the proposed region with what would be expected from a homogeneous region

To test the homogeneity of the data set, the at-site weighted standard deviation of the proposed
region, ¥, is defined by (Hosking and Wallis, 1993):

N 2
Y n{Lcv’ - ICV)
po (3.12)

27

i=1

A four parameter kappa distribution is used to simulate a large number of homogeneous regions by
a Monte Carlo technique. The simulated regions have no serial or cross correlation. From the
simulations, the mean (u,) and standard deviation (o) from the homogeneous population are

computed. The heterogeneity measure is computed by

Ef- \
H:( ﬂv}

) 2
- (3.13)

v
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If H is less than 1, then the region is homogeneous; if / is greater than 1 but less than 2, then the
region is possibly heterogeneous; if the region is greater than 2 then if is definitely heterogenecous.
In order for the # statistic to have significance, Hosking and Wallis (1993) indicated that proposed
regions must be based on site characteristics, such as geography and mean annual precipitation
(MAP). In this thesis, the direction of trend (plus, minus, no trend) was used in the process of
delineating homogeneous regions. Fortran subroutines created by Hosking (1991} allowed the

computation of the discordancy and heterogeneity measures.

Matural and human-induced factors may produce gradual and instantaneous shifts or trends in a
hydrological time series. A number of parametric and nonparametric tests for trends are available.
One of the parametric tests to detect and estimate linear trends is the method of linear regression.
However, linear regression requires some assumptions (such as normality of residuals, constant
variance, and true linearity of the relationship) which often are not exactly met in practical
applications. Alternatively, a non-parametric test can be used whereby no assumptions are required.
Therefore, the nonparametric Mann-Kendall test for trend (Mann, 1945; Kendall, 1962) isused in
this study (Maidment et al., 1993).

3.2.1 Linear Regression

In describing a trend, a simple linear regression model was used and is given by

v, =a+ fit {t=0,1, 2, .. n) 3.14)

where y, is the annual maximum rainfall time series, o is the intercept, B is the slope (trend), and
n is the length of the data. For illustration purposes, figure 3.2 presents the raw observed data for

station 6151032 (Burketon) for a storm duration of 2 hours. It clearly indicates the presence of a
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trend in the data.

Burkeion - 2 hour duration
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Figure 3.2: Raw data from station 6151032 (Burketon) fitted with a linear trend for a two hour

storimn
3.2.2 Single Sites
The significance of trend, B, was estimated using the non-parametric Mann-Kendall test (Mann,
1545; Kendall, 1975) at a 95% confidence interval. The Mann-Kendall fest is applied to linear
trends in this paper, however, it can also be applied to nonlinear tends (Maidment, 1993).
The trend test is applied to an annual extreme value time series, x, ranked from /= 1,.., n-1, and

x; is ranked from j = /+1,..n. Each data point, x,, is used as a reference point and is compared to

all other data points (x;) such that
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xj. > X,
gégn(x}z J&G X, = X, {3.]5}
[—E x; < X

The Kendall’s § statistic is calculated as
= Z Z sign{x, - (3.16)

If the data is identically, independently distributed, the mean is zero and the variance for the §

statistic can be defined by

(- D(2n+ 5) - Z £~ D2+ 5)

2 i=1
c = g
o T (3.17)

The summation term in Equation 3.17 is only used if data values are tied in the series. The test

statistic, Z,, can be calculated as

J(S-i)fa for § >0
=1(S+1)/o forS>0 (3.18)
[0 for$=0

in which Z, follows a standard normal distribution, with the critical value Z ,, . Equation 3.18 can

be used for record lengths greater than 10, if the number of tied data is low (Kendall, 1962), The
at-site significance level (p) can be obtained by using the test statistic in the cumulative distribution

function for a standard normal variate (Fy), or

p= 2§§— E, (Zg}} (3.19)

If 7] is greater than Z ), , where o denotes the significance level, then the trend is significant.
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3.2.3 Regional Approach

The Mann-Kendall test statistic can be modified to analyze trends on a regional basis rather than
individual sites. At a regional scale, Douglas et al. (2000) defined the regional average Kendall’s

S as
- } b -
S,=—> 8 (3.20)

where m is the number of stations in a region and Sy is the S statistic for the Kth station in that

region. The mean of the regional statistic is zero and variance is given by

nn- D(2n+ 5)- i -T2+ S5)
fém

Var(S,) = (3.2

Equation 3.21 can be simplified to o*/m if the data is independent, where ¢ is defined in Equation
3.17. Based on the assumption of 1id data, the regional average S statistic should approximate zero

for large regions, producing the following test statistic

S

m
0’/ mn

lid

(3.22)

where the test statistic 7, can be used as a standard normal variate to determine the significance

by comparing it with a fabulated critical value.

3.2.4 Serigl Correlation

When trend is estimated by Equation 3.14, it is assumed that the data is uncorrelated and the
confidence interval is sensitive to non-normality of the parent distribution (Sen, 1968). If the data
has significant autocorrelation, then the Mann-Kendall test will suggest a significant trend in a time
series which is actually random more often than detecied by the significance level (von Storch and

Navarra, 1995). In order to eliminate the effect of significant autocorrelation, the data is “pre-
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whitened” before computing the trend as follows

W= %, = px,, (3.23)

where p, is the autocorrelation coefficient of order 1. The population autocorrelation (p, ) is defined
by
cov{x(2),x(¢ + k))

- 3.24
var x(#) (3-24)

Py

where the numerator in Equation 3.24 represents the covariance function of two observations £ units
of time apart. The population autocorrelation can be estimated by the serial autocorrelation ()

coefficient computed from the following equation

1

> ((@*x(E + k) - ;_—;Z x()* Y x(t+ k)

:( . 1 2 ¥
{Z x(t)- ;;];{Z x(f}) }

7y 172

2/ 5
PEZICYOE ;:1];{2 (i + 1)) } (3:25)

where x is the rainfall, 7 is the time, and all surnmations are carried from 7=1 and r = n-k. Equation

3.25 determines the degree of correlation between observations that are separated by £ time units.

The array of autocorrelatrion coefficients (p(1), p{2)....p{n)} graphed as ordinates against lag (k)
produces the correlogram. Figure 3.3 illustrates a correlogram showing autocorrelation (ACF) for

Windsor station for a 5 minute storm.

For the null hypothesis that p, = 0 for lags greater than 1, the confidence limits for the correlogram
is given by (Anderson, 1942)

1 1
~Zian E S Pr < Zian ;’;"; (3.26)

where p, is statistically significant if it exceeds the confidence interval shown in Equation 3.26.
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Figure 3.3:  ACF with confidence interval for Windsor station for a 5 minute storm. Dashed

lines indicate confidence interval at the 5 % level

3.3 IDF Relationships

To determine the affect of increasing trend on IDF estimates, the observed trend component was

removed by using Equation 3.14 and shown by

X, = {xabs -~ x,}%— o (3.27)

where x, is the time series with the trend component removed and x,, is the observed rainfall data.
Figure 3.4 shows the new time series with the trend component removed for the 2 hour storm
duration in Burketon. The observed and the removed time series are used to determine the

difference in IDF estimates produced at a given station.
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IDF curves are often fitted with the Extreme Value Type I distribution developed by Gumbel (1954).
To fit the raw AM data to the BV 1 distribution, the method of moments is often applied due 1o its
simplicity and ease of implementation (Hogg and Carr, 1985). The distribution requires the first
two moments, the mean and standard deviation, to be computed. The skewness is fixed in the EV

1 with a constant value of 1.14. The method of moment estimates for the parameters are

. 128 ,
R (3.28)
hi
A= %-045s (3.29)
60.0 .
| y=000x+2328 ||
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Figure 3.4: Station 6151032 (Burketon) rainfall series with the removal of the linear trend

where x bar and s denote the mean and standard deviation of the observed data set. Intensity of

rainfall is fit to the Gumbel distribution by using the following equation

s( ( 1A
tnf = Inf 1- 7)) (3.30)

7

I=4-

o
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Rearranging equation 3.30 yields an equation to determine the return period (T}, defined by

1 (3.31)

Equation 3.31 was used to determine the change of return period between the time series with and

without trend for a given station and intensity.

3.4 Spatial Correlation and Field Significance

The methodologies discussed in section 3.2 applied to regions that were spatially independent. As
mentioned in the previous section, for spatially significant data fields the variance of the S statistic
cannot be applied. Therefore, observed spatial correlation must be detected in the data sets. Three

measures were used to determine if a regional data set can be considered as correlated: (1) time

series analysis; (2) L-moments; (3) geostatistics.

3.4.1 Time Series Analysis

The dependency between data sets from two sites in a region can be investigated with the use of
cross correlation coefficients. The cross correlation coefficient can be defined as a function of the

cross covariance function

E{(x,(0) - Ex,Xx,(t+ k)~ Ex,)

p;;fk. =

J

{Var X, Var x, E (3.32}

where x;, x; denote the annual maximum precipitation data with means £x; and Zx; and variance x;
and x; at station’s K, and K, respectively. The sample estimate of the cross correlation coefficient

is
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Pk, = = . (3.33)

The plot of sample cross correlation verses lag is the cross correlogram. Cross correlograms are
often used to examine the dependency between two time series with one series leading or lagging
the other by & units of time. The average cross correlation coefficient for a region can be computed

from the following eguation

-1 m

2Z Z ¥

_ i=} j=i+1

Fm 334

”’ m{m—~ 1) (3:34)
The regional variance for the § statistic defined in Equation 3.22 is only valid for data that is iid.
For regions with high cross correlations coefficients, Equation 3.22 becomes invalid, therefore, an
alternative approach must be faken to determine the variance and the significance of frend.

Following the work of Salas-La Cruz (1972), Douglas et al (2000) showed that a region that is cross

correlated has a variance of

2

Var(S.) = %{1 + (m- 17, ] (3.35)

Therefore, the variance will increase for a spatially correlated region causing the significance of

trend to decrease.

As an initial indicator, cross correlation coefficients were computed for a region to determine if it
experiences a high correlation. Douglas et al. {2000) treated regions as spatially dependent when
cross correlation coefficients exceeded 0.123, while Hosking (1997} treated regions as spatially
dependent when correlation exceeded 0.2. The selection of the threshold value in determining if

a region is spatially correlated or independent is quite subjective. Another problem with this
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approach is that the coefficient does not incorporate space in the computation. These problems will

be examined in the next two sub sections.

3.4.2 I1-Moments

The method of L-moments is employed to determine if the data contained in a number of sites can
be grouped together to form one homogeneous region. As mentioned earlier, the heterogeneity
measure is used to verify proposed regions as homogeneous on the basis of the following

relationship

i {observed dispersion)~ {me@m of simuiaz‘éan} (3.36)
. (Sfana’cmf deviaiionof sz’mu[aﬁans} '

In Hosking and Wallis’ procedure, homogenous regions are delineated based on the mean and
standard deviation of 500 simulated regions, containing no cross correlation, generated by the kappa
distribution. In other words, positive / values suggest that regions are spatially independent, since

they have similar dispersion to simulated regions that contain no cross correlation

Hosking (1997) indicates that negative H values can occur, indicating that there is less dispersion
among at-site sample L-CV values than what would be expected from a homogeneous region. He
indicates the most likely cause of H being negative is high positive correlation between the data
values at different sites in a proposed region. If A<-2, a significant amount of cross correlation
exists between the sites frequency distribution or a problem may exist with the data set that causes

the sample L-CVs to be unusually close.

Regions that are significantly cross correlated are dependent on the average cross correlation
coefficient, as shown in Equation 3.35. In terms of L-moments, high interstate dependence may
cause the heterogeneity measure to be negative. In this thesis, these two factors are used in the
decision process to determine if 2 region is spatially independent or dependent. To confirm these

assumptions, the next section incorporates similarity of data with physical distance between sites
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in a region

3.4.3 Geostatistics

A geostatistical approach is employed (Chilés and Delfiner, 1999) to investigate the spatial
dispersion of the regionalized precipitation field. Variograms are plots of the autocorrelation
function at various lags for a given direction (Isaaks and Srivastava, 1989). Since the available data
is often sparse, the lags are often specified with tolerance for direction and distance. When the
angular tolerance is omitted and only separation distance matters, the results is an omnidirectional

variogram, which was used in this thesis.

The semivariogram plots the squared differences of rainfall observations between stations in a
region, and can be calculated from
1 , 2 :
r# =50 (K.~ K, (5,.0) (3.37)
where x; and x; are the annual maximum precipitation data at station location K, and K|, for a time
t, and n(k) is the number of pairs (i,j) which are a distance / apart. A variogram of a random field

is 2v{h), however it not unusual to see y{(&) referred to as the variogram (Kitanidis, 1993). The

separation distance is determined using.

l
h=\ -1

= %/(é’ongi - long Y + (lat, - o | )* (3.38)

where /; and /, are location vectors composed of two components; the latitude (1at) and longitude

{long), | /;- 7] denote the norm or Euclidean distance between stations / and / in space, respectively.

Several types of models exist to model the semivariogram. The model chosen in this thesis is the

spherical model (Brooker, 1991) which is illusirated in figure 3.5 and defined as
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0 h=0
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y{h}zégfch 4’133—@5{4’?3} b O<h<a (3.39)
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where C, is the nugget effect representing a random measurement error. A pure nugget effectisa
variogram which has a constant sill for any lag distance meaning no spatial correlation. C,+ ('is
the sill, measuring half the maximum squared difference between pairs. The range, «, is the

distance at which the variogram reaches the siil.

The correlation structure in 2 region vanishes when the separation distance, A, between stations is
greater than the range, therefore, a region was labeled spatially correlated if {a) a range, or
correlation, existed in the variograms for a region and (b) if the heterogeneity measure and cross

correlation values suggested spatial correlation.
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Figure 3.5: Definition sketch of a spherical variogram
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The bootstrap can be used (Efron, 1979} to estimate properties of a statistical parameter of interest
(i.e. trend). Inthis thesis, the null hypothesis is for the data to show no trend, be serial independent
and spatially correlated. A bootsirap sample 1s created from the observed data and bootstrap
replicated are then formed to create an empirical CDF for the regional average Mann-Kendall
statistic. Field significance is found by using the observed S computed by Equation 3.20 for the

TEgIon.

The bootstrapping techniques are applicable to a single, homogeneous sample of data, denoted by
Vis...n Vo An independent and identically distributed series, Y,,..., ¥,, are generated by randomly
sampling the homogeneous sample of data, and the probability distribution function (PDF) and CDF
of the random sample are denoted by fand F, respectively. The sample is to be used to make
interferences about a population characteristic, denoted by 8, using a statistic 7. In this thesis, 8 is
the field significance of a spatially correlated region and the regional average Mann-Kendall S

statistic 18 used as the test statistic 7~

Two types of bootstrapping methods exist: parametric and pon-parametric.  Parametric
bootstrapping is to be used when there is a known probability model where random samples are
drawn from a specified statistical distribution. In the case of non-parametric bootstrapping, the data
is not generated from any mathematical models, however, the assumption of random variables that
are independent and identically distributed is retained. In this thesis, non-parametric bootstrapping

was performed.

Bootstrapping was developed to answer the following problem: given a random sample Y=7,, 1,
... ¥, from an unknown probability distribution F, estimate the sampling distribution of some random

variable R on the basis of the observed data y. Efron (1979) defined the sampling distribution based

A

on a parameter of interest, 6, and its estimate, &
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RY,Fy=6-4 (3.40

There are four general steps in the non-parametric bootstrap procedure for a one sample problem

(Efron, 1979):

it

To define the empirical distribution, which assigns equal probability (1/n) to each sampie

value .. The corresponding estimate of /¥ (the unknown CDF of the random variable) is the

empirical distribution function (EDF) F, defined as

L Y
. Hiy, <y
PRt

¥

(3.41)
7

where #{A4} means the number of times the event 4 occurs (Davidson et al. 1997). Ifthere
are repeats in the data, the EDF assigns probabilities proportional to the sample frequencies
at each distinct observed value y (Davidson et al., 1997). The EDF plays a role of fitted

model when no mathematical form is assumed for 7.

with F fixed, draw a random sample of size n from original data set with replacement and

calculate the statistic of interest on the bootstrap sample. That is

# ® % L

LY LY~ F (3.42)

ey

where equation 3.42 is referred to as the bootstrap sample and

24

6=6(v,x,,..7) (3.43)

equation 3.43 is the estimate of 6 based on the sample data.
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3. Approximate the sampling distribution of 8 by repeating step 2 to create a large number (5)

of bootstrap replicates

) (3.44)

.......................................

which gives B new estimates of the stafistic of interest, however, they are not entirely new

since they are related to the original estimate &

4. Use bootstrap replicates to create empirical CDF to determine properties of the statistic of
interest, such as standard error of estimate, bias, confidence interval, and field significance

in this thesis.

In this thesis, the expected value of the single site and regional average Kendall’s S is zero, meaning
the mean value of 0 is expected to occur for a corresponding probability of 0.5. In step 1 of the
algorithm, the observed rainfall data was used for a single station to create the EDF. Instep 2, the
observed time series for the station was randomly re-sampled until no trend was evident (Kendall’s
S value of zero). In step 3, the randomly generated time series created in step 2 is the new
bootstrapped sample, however, it still maintains the spatial structure of the observed time series.
In step 4, a bootstrap replicate is generated from the bootstrap sample and a corresponding Mann-
Kendall’s § is produced. Steps 1 to 4 is repeated for each station in the region and the average S
statistic is then found from the bootstrap replicates. The entire bootstrap procedure is repeated 5000
times. The 5000 regional average S statistics are then ranked in ascending order and given a non-

exceedance probability (P) using the Weibull plotting formula given by



P= (3.46)

where 7 is the rank of the data and B was taken as 5000 in this analysis. The CDF is determined
based on the plot of the regional average S”s and their assigned probability. The observed regional
S is used to determine the field significance for the region. Figure 3.6 shows an example of the

bootstrap CDF for the central region for a 10 minute storm duration.

Regional Average Kendall 8§

6 01 02 03 04 05 08 07 08 08 1

Weibull's Exceedance Probability

Figure 3.6: A bootstrapped cumulative distribution function for a 10 minute storm for the central

region



4.1 Introduction

The determination of trends are investigated at various rainfall stations across the province of
Ontario using the Mann-Kendall trend test (section 3.2.1). The procedure used for the single site

analysis is shown in figure 4.1:

Data Selection

v

Autocorrelation (ACF) Analysis

igﬂﬁﬁ«czm{ AC

Yes &

Pre-whiten Data Sets |

Mann-Kendall Trend Test @—j

Figure 4.1: Flow chart outlining single site analysis
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The test requires rainfall data to be time independent; therefore, data sets with significant ACFs
were pre-whitened before applying the test (section 3.2.3). The significance of trend for different
record lengths is examined to determine the impact of selecting a time frame for each site and

duration. The results for the single site analysis is shown in section 4.3,

The results from the single site analysis influenced the study on the effect of trend on the return
period. Various stations were selected across Ontario with increasing trend statistics. The linear
trend component was removed from the observed rainfall time series and the difference in IDF
estimates were computed. For a given intensity, the difference in return period was found between
a station with and without the trend component, respectively. The flow chart can be seen in figure

4.2 and the results in section 4.4.

Data Selection
i

v

Linear Trend Components

Remove trend from observed rainfall series

IDF estimates for IDF estimates for “trend
observed rainfall series free” rainfall series

3 Determine Return Period  r&—

Figure 42: Flow chart for the effect of trend on IDF estimates and return period
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Figure 4.3: Flow chart outlining regional analysis
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The procedure in the regional analysis is shown in figure 4.3. Rainfall stations are grouped together
to form homogeneous regions by the method of L-moments, outlined in section 3.1 and results
displaved in section 4.5. The regional average Kendall S statistic is employed (section 3.2.2) to
determine trends at a regional scale, and the affect of significant ACF on the regional data sets are
investigated (section 3.2.3). Each region is tested to detect significant spatial correlation (refer to
section 3.4), which alters the test procedure in determining the significance of trend. A non-
parametric bootstrapping technique {section 3.5) is applied to spatially correlated regions, while
regions that are spatially independent utilize analvtical equations. The results for the regional
analysis is shown in section 4.6. The role of serial and spatial correlation in trend analysis is

discussed in section 4.7,

4.2 Data Selection

The numerical analysis was performed on annual maxima rainfall series for storm durations of 5,
10, 15, an 30 minutes (typical times of concentration for small urban catchmenis)and 1, 2, 6, and
12 hours (typical times of concentration for larger rural watersheds) for the province of Ontario,
Canada. The data base contains 149 sites with rainfall data ranging from 1905 to 1998. The data

was obtained from the Atmospheric Environmenial Services (AES) Branch of Environment Canada.

In the single site analysis, stations were selected based on the following criteria: suitable record
tength and current data sets. A mummum record length of 20 years was desired as well as data sets
ending in the 1990%. Out of the 149 stations, 58% of the stations contain record lengths less than
18 years and/or record lengths not updated to the year 1988, These stations were eliminated and 63
stations remained and used in the analysis (figure 4.4). Record lengths ranged from 18 {0 73 years
and data sets ranged from 1926 to 1998, respectively. The majority of stations are in southern
Ontario, which has a high population density and where most urban development activities take
place. The station’s name, identification number, record length, time period, and geographic

location are listed in table C1 of Appendix C.
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« Stations

Figure 4.4: Station locations in the province of Ontario

Cut of the 63 stations, a total of 15 have been chosen for the analysis on IDF estimates based on
their year of record (current data), trend coefficient, and location o represent various regions across
Ontario. The sites along with record length can be seen in table C2 in Appendix C. Five stations
(Big Trout lake, Moosonee, Sudbury, Chalk River, Timmins) located in the geographically defined
North region (North of 45°50%) have records length ranging from 1952 to 1994, The Central region
consists of 5 stations (Kingston, Orillia, Oshawa, Bowmanville, and Burketon) have records length
ranging from 1961 to 1998, while the South region (South of 43° 50') have five stations (Delhi,
Waterloo, Sarnia, Preston, and Port Colborne) with record lengths ranging from 1962 to 1998.
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Inthe regional analysis, problems occur in selecting stations with the same time frame and a suitable
record length, Table 4.1 displays the rainfall gauging network for the province of Ontario. Out of
149 stations, 52% have a record length less than 20 years and approximately 19% have a record
length greater than 30 years. It was decided to use only stations with a minimum record length of
20 years or higher; however, out of the remaining stations, 18% have some missing data or are
outdated (having no data recorded during the 1990s). As a result, these stations were eliminated
from the analysis, which left only 44 stations. Furthermore, in a regional analysis, problems occur
in selecting stations with the same time frame. Stations belonging to regions in the north (latitude
greater than 46°) have record lengths beginning in 1971 and ending in 1990, while stations

belonging to regions in the south have record lengths from 1976 to 1995 (figure 4.5), respectively.

Table 4.1: Data selection for study area

Storm Minimum Record finimum Record  Minimum Record Minimum Record
Duration  Length < 20 year Length = 20 year Length = 25 year Length = 30 vear
Years of MNumber Yearsof Number VYearsof RMNumber Yearsof Number

Racord of Sites Rscord of Sites Record of Sites  Record  of Sites

5 minute 710 77 576 26 517 19 1029 27
10minute 714 77 580 26 517 19 1033 27
15 minute 725 77 534 24 540 20 1070 28
30 minute 732 77 535 24 512 19 1103 29
1 hour 836 78 515 23 564 21 1111 29
2 hour 836 76 491 22 589 22 1110 20
6 hour 826 76 486 22 617 23 1077 28
12 hour 829 76 487 22 817 23 1078 28

A similar procedure was performed in selecting stations for the 25 year time frame. A total of 37
stations were used, however, the majority of stations are located in southern Ontario. Southemn
regions have record lengths beginning in 1971 to 1995, while regions in the North begin in 1966 and

end in 1990. Table C3 displays the stations used in the 20 and 25 vear regional analysis.

O
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Figure 4.5: Time frame selection {vertical dashed lines) for 44 stations

4.3 Single Site Analysis

The impact of trends in data sets can ultimately affect the design of water resources projects.
Increasing trend in annual extreme rainfall in the 1990's in comparison with data from previous
decades may suggest that structures were designed for lower annual extremes. This section focuses

on trends found in individual sites and its affects on TIDF estimates.
4.3.1 Trend Determingiion

ACF coefficients for all durations and three stations are listed in table’s Al o A3 in Appendix A
and significant resulis are shown in table 4.2. These tables were repeated for all 63 stations used

in the single site analysis.
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Table 4.2: Summary of significant autocorrelation

Station Storm Record  Significance ACF
Duration Lengih Level tag 1°
Big Trout lake 10 minute 24 0.4001 (.4407
Bowmanviile 15 minute 31 £.3520 0.2854
Bowmanville 30 minute 31 (.3520 0.4438
Braniford 10 minute 35 0.3313 (3.3438
Brantford 15 minuts a8 £.3313 (1.3787
Burketon 1 hour 30 0.3578 0.4564
Burketon 2 hour 30 (.3578 0.4148
Kenora 8 hour 25 0.3820 -0.3884
North Bay 1 hour 27 0.3772 -0.3894
Owen Sound 12 hour 32 0.3465 0.4541
St Thomas 12 hour 73 0.2294 (.2662
Toronto Ellesmers 4 hour 29 0.3640 0.4005
Toronto Ellesmers 2 hour 28 0.3640 0.5186
Toronio Ellesmere & hour 29 0.3840 0.4215
Toronto Ellesmers 12 hour 29 0.3640 0.3760
Toronto Pearson Alrport 15 minute 48 0.2800 0.3011
Toronto Pearson Alrport 30 minute 49 0.2800 0.3005
Toronto Pearson Alrport 1 hour 49 0.2800 0.2882
Toronto Pearson Alrport 2 hour 489 0.2800 .2883
Trenton 10 minute 33 $.3412 0.3439
Trenton 15 minute 33 0.3412 0.3610

? calculated using equation 3.26
® calculated using equation 3.25

The results showthat 4.2% (21 out of a possible 504 tests) experience significant positive ACF, with
2 stations experiencing negative values. There is no apparent pattern with ACF values and
geographic location of stations, however, two Toronto stations account for 38% of significant
results. Nine significant ACF’s were found for short duration storms in comparison with 12 found
for long duration storms, indicating that no specific pattern is evident between ACF and storm

duration.
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1t can be concluded (table 4.2) that some of the annual exireme rainfall series are time dependant;
however, trends may be induced by climate change which in turn may cause serial correlation to
occur. Due to the relatively low number of significant ACE’s found, it may be possible that the
apparent serial correlation may be a purely random effect. However, Shahin et al. (1993) indicate
that purely random effects found in time series have an ACF equal to zero for all lags greater than
1 in the correlogram, which is not the results found in table 4.2. In addition 6 stations contribute
to 76% of the significant ACF’s, indicating a pattern that significant ACF has affected multiple
durations of a station. Therefore, the autocorrelated data for stations listed in table 4.2 were pre-

whitened.

An example of irends found for three stations can be seen in table’s A4 to A6 in Appendix A.
Trends for all durations and stations used in this analysis were determined, and a summary of
stations with various durations experiencing significant trends at the 5% level are shown in table
4.3, Table A7 in Appendix A displays an additional 37 durations experiencing a trend significant

at a 90% confidence interval. In total, 14% (69 durations) are experiencing a trend at a 90% level

Out of the 69 durations, significant trends were found across the province of Ontario from Big Trout
Lake to Windsor. Out of the 69 durations, 83% of the trends occur for multiple durations of a
station indicating that trends occur for more than one duration for a site. Itappears that shifts inthe
annual extreme fime series is not specific to location in the province. In the north region, 16
significant trends were found out of a possible 160 tests (10%). Out of the 16 trends, 12 stations
experienced significant positive trends suggesting an increase in extremes is occurring in the North,
in comparison with 4 negative trends. In the south, 53 significant trends were recorded out of 344
trends (15.4%). Southern Ontario is generally experiencing negative trends, with 33 trends being

negative, while 20 testing positive.

in terms of storm duration, short storms had 37 significant trends, while long duration storms had
32, respectively. The 15 minute storm had the most significant trends with 11, while the 10 minute

and 6 hour storm had 10, respectively. [ appears that all storm durations are suscepiible {o trends
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Table 4.3 Sites with trends significance at a 5% level

Sile Station Number Duration Significance”
Big Trout Lake 8010738 5 minute 896.532
Big Trout Lake 8010738 15 minute 898.80
Kapuskasing 8073060 2 howr 99.22
North Bay 8085700 & hour 98.82
Critiia 8115820 5 minute $o.82
Orillia 8115820 10 minuts 96,68
Orillia 8118820 18 minute 97.18
Oshawa 8158878 30 minute 98.38
Oshawa 6155878 1 hour 25.38
Ottawe Alrport 8108000 5 minute 97.04
Cttawa Alrport 6106000 10 minute 88.50
Ctiawa Airport 8106000 15 minuie 99.00
Citawa Airport 6108000 30 minute 98.44
Ottawa Alrport 8108000 1 hour 98.92
Ottawa Alrport 85108000 2 hour 88.78
Ottawa Airport 8106000 8 hour 97.88
Preston 8146714 10 minute 83.80
Preston 6148714 15 minute 97.02
Praston 8146714 30 minute 98.12
St Catherine 8137287 5 minute 99.62
St Catherine 8137287 30 minute 97.44
St Catherine 6137287 1 hour 89.64
5t Catherine 6137287 2 hour 98.60
St Catherine 6137287 8 hour 97.70
Stratford 5148108 § hour 9592
Tirmnmins 8078572 10 minute 96.28
Timming 8078572 18 minute g7.78
Toronio Island Airport 6158665 10 minute 98.04
Toronto island Alrport 5158665 18 minute G97.44
Toronto Pearson Airport B158733 12 hour 96.30
Wiarton 8118500 & hour 8578
Wiarton 5118500 12 hour 97.34

* Cateulated using equation’s 3.16 2nd 3.19

Armual rainfall time series are usually a stationary process, meaning free from periodicity, shifis,
and trends. However, external conditions may cause data to experience shifts, and trends. For

instance, rapid industrialization may cause pollution levels to increase in neighbouring rivers, or a
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depletion of forests (caused by fires) may cause an increase in surface runoff leading to an increase
in water levels in a watershed (Salas, 1993). Similarly, global warming may be the possible cause
of trends observed in the rainfall data sets, leading to changes in extremes as has been detected in

thig thesis (table 4.3).

4.3.2 Effect of Significant Autocorrelation

This section investigates the assumption of significant autocorrelation on the trend results. Trends
at a 5% significance level are shown intable 4.4. Out of the 32 stations, 16 stations would remain
significant at a 5% level if the data sets were pre-whitened. Table A7 m Appendix A reveals the
results found for sites significant at a 90% confidence interval, and only 12 sites maintained a
significant trend out of 37. In total, 12% of the stations and trends which were significant would

be refained.

The results found in this study are similar with others research. In flood research, Douglas et al.
(2000) pre-whitened significant ACFs found in low flows (due to high ACFs values) in the USA,
however, maximum flood flows were left intact (no evidence of temporal correlation). Zhangetal.
(1997, 2001) used an iteration scheme in a linear model to detect serial correlation because of its
effect on the interpretation of the trend. This iteration scheme was applied to maximum flood flows

and precipitation totals (summer, winter, etc) for Canada.

A temporal independent data sets is required in most statistical tests, as well as in the Mann-Kendal

which is used test used in this thesis,
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Table 4.4: Comparison of modified and Mann Kendall test on sites with significance at 2 5% level

R Storm Modified Mann-Hendall Mann-Kendall
Duration  Significance® Significance®
Big Trout Lake & minute 88.18 86.32
Big Trout Lake 15 minute 92.75 98.60
Kapuskasing 2 hour 08,51 90,22
North Bay & hour 91.45 88.82
Crillia £ minute $8.81 98 82
Oriliia 10 minute 94.77 86.66
Crillia 18 minule 8577 897.18
Oshawa 30 minute 95.83 2838
Oshawa 1 hour 91.48 895.82
Cttawa Airport £ minute 88.38 g7.04
Ctiawa Alrport 10 minute 93.37 88.50
Cttawa Adrport 18 minute 91.08 98.00
Ctlawa Airport 30 minute 95.88 08.44
Ottawa Airport 1 hour 98.27 88,92
Ottawa Alrport 2 hour 96.1¢ 898,78
Ottawa Aimport 6 hour 97.73 g7.58
Praston 10 minute 97.90 97.20
Preston 158 minute 95.55 97.02
Preston 30 minute 98.80 92.12
St Catherine 5 minute 88.70 99.64
8t Catherine 30 minute 78.63 97 .44
St Catherine 1 hour 85.00 99.64
St Catherine 2 hour 80.14 8e.60
£t Cathering & hour 84 37 g7.70
Stratford 8 hour ©94.23 89592
Timming 10 minute 94 .43 96.28
Timmins 15 minute 5. 84 97.78
Toronto Island Alrport 10 minute 85.07 98.04
Toronto Island Alrport 15 minuie 87.99 97 44
Toronto island Airport 12 hour 92.31 98.30
Wiarton & hour 85.67 9578
Wiarion 12 heur 81.14 97.34

* caleulated using eguation’s 3.23,3.16, and 3.19
® calculated using equation’s 3.16 and 3.19
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4.3.3. Comparison of Record Length

in order to examine whether the record length has an effect on trend analysis, several different time
spans were investigated. Table 4.5 () and (b) displays the summary of trends found by using
various record lengths for North and South Ontario, respectively. In the North, 14 and 9 stations
were used to find trends with record lengths of 20 (1971 - 1990) and 25 vyears (1966 - 1990),
respectively. Inthe South, three different time frames were used: 30 stations with a 20 vear period
beginning in 1976 to 1995; 28 stations with a 25 year period beginning in 1971 to 1995; and 17
stations with a 30 year period beginning in 1966 to 1995, The stations used for this analysis is listed
in table C3 in Appendix C.

Table 4.5 shows the interpretation of trend would be quite similar if two different record lengths
were used in the analysis. The overall percentage of trends found in the 20 and 25 year time frame
for the North were comparable, with a 9.8% and 9.7% of stations experiencing significant irends
at a 90% level. However, the 20 year time frame recorded more significant trends at a 95% level,

with a percentage of 6.3% 1n comparison with a 2.8% in the 25 year time frame, respectively.

In southern Ontario, the majority of significant trends were found in the 25 year time frame, where
15.2% of sites experienced a significant trend at a 90% level. The results for the 20 year and 30 year
time periods were comparable with 7.9% and 7.6% of stations experiencing trends, respectively.
At a 95% significance level, the 25 year time frame also had the most significant frends at 6.3%, in

comparison with 3.8% and 3.7% at a 20 and 30 year time frame, respectively.

Considering all significant trends at the 90% confidence interval (shown in table 4.5) detected in
all record lengths for all stations, an equal amount of frends (nine) were found for short and long
duration storms in the North, with 6 out of the @ significant trends being significant at the 95% level
for short duration storms. In the South, the majority of trends (58%) were also found in short
duration storms in comparison with long duration storms (42%). Out of the 63 trends found, 68%

of the significant trends at the 95% level occur during the short duration storms.
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Table 4.5: Results of significant trends using different record lengths for

Storm: N = 20 years (1871 - 19908 N =25 vears (1966 - 1990)°

Duration 20% 95% 80% 25%
5 minute 1 g 0 1
10 minute 1 3 0 v
15 minute o 2 0 0
30 minuts Y 1 1 0
1 hiour 4 0 1 i
2 hour 1 0 2 1
8 hour o 1 1 0
12 hour Y 1 o 8]
Total 4 7 5 2

# 20 years: stalions 14
® 25 years: stations @
{(a) North

Storm N = 20 years {1976 - 1995)° N = 25 years {(1971-1985)" N = 30 years (1966- 1905)°

Duration 80% 85% 80% 95% 80% 85%
5 minute 4] 3 4 3 O 1
10 minute 3 #] 1 3 0 1
15 minute 1 1 1 3 8] 1
30 minute 2 0 4 2 1 1
1 hour 0 1 (5] 0 2 o
2 hour 2 1 3 0 0 0
8 hour 1 2 & 2 1 q
12 hour 0 1 1 1 1 8]
Total 10 ] 28 14 & g

¢ 20 years: siations 30
9 25 years: stations 28
® 30 years: stations 17
{b) South

As for sign of trend, the North experienced significant positive trends. At the 90% level, the 20 year
period experienced 10 positive and 1 negative trend, with 7 of the positive trends being significant
at the 5% level. The 25 year period was not as clear, with 3 posifive and 4 negative trends being
significant at the 10% level. The direction of trend for South Ontario was generally negative. Out
of the 63 trends significant at the 90% interval, 46 were negative, 19 being significant at the 95%

level. The majority of negative trends occurred at the 20 year time frame; the 25 and 30 vear period



had a mixture of positive and negative trends throughout stations and no clear patiern was evident.

All record lengths used in this study were adequate in detecting trends, and a greater separation
distance in record length should be investigated in the future. In terms of storm duration, all
evidence concludes that short duration storms produce more significant results than long duration
storms, possibly due to the difference in storm types {convective and frontal). Significant results
found at the 5% level occurred more frequently in short duration storms, with 67% and 68% for the
North and South regions, respectively. In terms of sign of trend, the North generally experienced
positive trends, while the South experienced negative trends. The cause of this pattern was not

investigated in this thesis.

4.4.1 Rates and Trends

The majority of slopes for all durations and stations are positive, indicating increases in annual
extreme precipitation is being observed across the various regions in Ontario, as seen in table 4.6,
The average rate (mm/hour) for the 5, 10, 15, 30 minute and 1, 2, 6, and 12 hour storms are as
follows: 0.066,0.092,0.145,0.195,0.210,0.206,0.163,0.169. It appears that higher rate increases

are found in long duration storms.

It can be seen that the Moosonee station has the highest average slope increase with 0.39 mm/hour,
while Oshawa, Burketon, and Samia had noticeable high rates of increase with 0.29, 0.23, and 0.20
mim/hour, respectively. The majority of stations with the highest average slope were found in the

Central region, with 3 out of the 5 stations having the highest rates of increase from the 15 stations
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Table 4.6: Rates and trends for: a) short duration storms

Storm Duration

Siations £ minute 10 minute 15 minute 30 minute

Raig® z° Rate z Rate z Rate Z
Sarmia ; 3.068 0.831 0.000 0.257 0.054 (.455 0178 0.751
Bowmanvilie 0.057 0,714 0108 1.241 0.115 1.122 0159 1191
Burketon -0.01 {.288 -.008 £.000 0.081 0,338 0.203 1.382
Chalk River £.053 0.964 0.118 1.308 0.144 1.335 0417 .04%
Big Trout Lake  0.117 2.087 0143 1.588 .186 2458 0178 1.415
Kingston 0.024 (.54 0.037 $.020 0.028 0.768 0.044 3.541
Moosonae 0107 1.347 0.107 1.269 £.203 1.693 (.34 1.87¢
Orillia 0.185 2.878 0,169 2.427 0.214 2.182 0407 1.167
QOshawa 0.124 7.833 0.173 1.840 0.218 1.974 0.3 2.402
Port Colbome 0.020 0.149 -0.010 3,43 0.027 0.058%8 0.017 O
Preston 0.108 1.917 0.267 2.198 0.364 2472 0.514 2.816
Waterioo 0101 1.345 g.188 1.837 0.278 71.837 0.360 1.503
Delhi 0.03 -(0.683 0.040 0.638 0.0583 0.43 0.115 G
Sudbury 0.01 0 -0.057 -03.357 0.075 0519 (.184 0.585
Timmins 0.047 1.638 0.108 2.083 0.138 2.287 4109 1.937

b) long duration storms
Storm Duration

Stations 1 hour 2 hour 6 hour 12 hour

Rate Trend Rate Trend Rate Trend Rate Trend
Sarnia 0.218 0.632 0.344 1.225 0207 0869 0.547 1.166
Bowmanville 0223  1.531 0224  1.887 0294 1411 0254 0.969
Burketon 0344 1.749 0.572 1660 0380 1767 0265 1.321
Chalk River 0.140 0.178 0065 0400 0123 0475 0207 0.771
Big Trout 0.061 03571 0044 0298 -0074 0348 (262 1.463
Kingston 0.067 0402 0.076 0415 0131 0817 0037 0.201
Moosonee 0.327  1.507 0.356 (0925 0.821 0792 0.833 0.000
Orillia 0.0735 0.138 0667 0.037 0.i188  0.007 -0.188
Oshawa 0.354 0.321 1876 0442 1933 0.346 1.276
Port 0.078 0.056 0030 00035 073 0074 1423
Preston 0.460 0.265 0654 -0242 -0818 -0319 0397
Waterloo 0,351 0.164 03735 -0.0i5 0.0%% -0.211 -0.079
Delhi 0.102 0.080 0222 009 0237 0.287 0.133
Sudbury 0.275 0.391 1.655 0.192 0974 -0.028 0.325
Timmins 0.080 0.076 03544 (050 0206 -0.023 0.012

? Slope (B) from equation 3.14
* Calculated using equation 3.18
Bold: Significant at 2 3% level
Ttalic: Significant ata 10% level
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used for the analysis.

Trends detected by the Mann-Kendall test were used to indicate the direction of rates found by using
lingar regression (table 4.6). The trend statistics generally corresponded with the direction of slope
{positive, negative or no trend), with 5% of the tests showing a difference between the trend statistic
and rate. A total of 12 (10%) stations were found to be significant at the 5% level, respectively. An
additional 16 tests are significant at the 10% level resulting in 23% of tests having a significance

of 10% or lower,

In terms of short storm duration, an average frend coefficient of 1.06, 1.11, 1.31, 1.22 and 1.60 was
found for the 5, 10, 15, 30, and 60 minute duration storm, respectively. Figure 4.6 illustrates the
average rate of trend found for short and long duration storms and reveals that short duration storms
show the most significant increasing trends. This is also shown by the fact that 9 out of the 16
significant tests at a 10% level, and 11 out of 12 significant trends at a 5% level are found in short

duration storms.

1.600
1.200 | /% e,
@&ﬂ““”g %*m
o B, -
@ 0.800 + e
2 .
T
0.400 +
0.600 : E { ; i . i
5 10 15 30 80 120 360 720

Duration (minutes)

Figure 4.6: Average trend for short and long duration storms
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Oshawa station had the highest average trend coefficient of 1.903, 2 and 5 tests being statistically
significant at the 5 and 10% level, respectively. This average rating alone is stafistically significant
at 2 10% level. Timmins had 2 and 1 significant trends ata 5 and 10% level, and the second highest
trend coefficient of 1.28 Stations worth mentioning are Preston and Orillia having 3 trends
significant ata S %slevel, Burketon having 3 significant at a 10% level, and Moosonee and Waterloo
with 2 trends at a 10% level. In all, three out of the 5 stations in the Central region ranked in the

top 5 out of 15 stations with the highest average trend coefficient.
4.4.2 The Effect of Trends on Design Storms

The percent difference in design storm estimates for frend and trend-free conditions for each station
and return periods are given intable’s A8 to A12. For a2 year return period, design storm estimates
for station time series with trend were on average 6 to 15.73% higher than the time series at a station
with no trend, respectively. The highest percent increases were recorded for short storm durations,
with the 15, and 30 minute storms recording 15.55 and 15.73 % increases, respectively. Only four
stations {Sarnia, Sudbury, Delhi, and Kingston) did not record percent increases greater than 10
percent. Oshawa and Moosonee recorded percent differences in the magnritude of 23 and 22%,

espectively.

As the return period increases to the 50 year event, the range of percent increase in design storm
estimates with and without trend decreases, as shown in figure 4.7. The range of percent decrease
for all durations for the 5, 10, 25, and 50 vear return periods are: 4.79 10 12.70%; 4.2 10 11.5%; 3.7
to 10.4%; and 3.4 to 9.8%. The average percent increase in stations also decreases with return
period. Tnthe 2 year event, 10 stations had percent increases higher than 10 %; however the 5, 10,
25, and 50 year return periods had 6, 4, 3, and 3, respectively. Oshawa and Moosonee consistently

had the highest differences in the two time series for all return periods.

The pattern of decreasing design storm estimates affected by trend with increasing return period is

also related to the trend coefficient, as shown in figure 4.8. The highest average percent difference
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in IDF estimates for all return periods occurs at the highest trend coefficient registered for the 15

and 30 minute storm durations, respectively
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Figure 4.7. Percent difference in IDF estimates with and without trend
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Figure 4.8 : Percent difference in IDF estimates with trend for various return period
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Oshawa-5 minute storm
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Figure 4.9: IDF curves with and without trend for Oshawa: a) 2 5 minute storm durationand b) 1

hour duration
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4.4.3 Return Pericd

The effect of trends on return period based on IDF estimates is illustrated for Oshawa fora 5 and
60 minute rainfall in figure 4.9, For a given intensity of 130 mm/hour, the § minute storm duration
of Oshawa vields a return period of 7.42 (with trend) and 21.83 {without trend). For the 1 hour
duration, the results show that the return period is 8.76 years (with trend) and 30.96 years (with no
trend) for a constant intensity of 50 mm/hour. The difference in return period is quite significant
indicating that presence of trends in rainfall observations increases the frequency of occurrences of
extreme events. This is a very important finding, having a major implication in the engineering

practice.

Figure 4.10 gives plots of rainfall intensity versus change in return periods due to trends and it
illustrates that changes in the return period can be as high as 36 years for the 5 minute duration. The
difference in retum period decreases with increasing duration with the peak difference of 26 years

found for the 1 hour storm.
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Figure 4.10: Intensity versus change in return period for short storm durations
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4.5

ogeneous Regions

An attempt is made to determine whether the trends in rainfall exhibit any regional pattern.
Therefore, following single site analysis, a regional analysis was performed using homogeneous
regions. Homogeneous regions can be defined as stations which have similar at-site characteristics,
such as mean annual precipitation (MAP), hydrologic, physiographic, climatic variables, and trend
direction. Schaefer (1990) analyzed annual precipitation data by grouping sites in Washington state
with similar MAP. Aronetal (1987) performed a study in Pennsylvania State, USA, in which IDF
curves were developed using the Log Pearson 3 distribution for five geographically defined regions.
There is no unique approach to the delineation of a homogeneous region. In this thesis, regions
were formed first in terms of geographical location and MAP. Inaddition, ifthe majority of stations
in a region had either predominantly positive or negative trends than this fact was also used in
forming regions. In this thesis, regions were developed based on two time frames 0f20 and 25 years

of record.

As an example, table 4.7 displays six stations for a proposed homogeneous regions along with their
geographic location, MAP totals and Kendall’s S for a 20 vear period and 10 minute storm duration.
The stations are in close proximity to each other, generally located in the eastern region of Ontario
near the St. Lawrence River. The mean MAP value for the six stations is 908.65 mm with a
standard deviation of 32.05 mm, respectively. Kendall’s S for each station indicates that all stations
experience a negative trend component, suggesting that the region as a whole is receiving less
extreme rainfall then in the past. Similar grouping procedure was performed for all station in

Ontario for all durations and time frames and are displayed in figure 4.11.

Possible drawbacks for forming homogeneous regions in this study were the shortness of record
lengths and sparse availability of stations. Homogeneous regions for one storm duration might not
necessarily be homogeneous for another duration. It is possible that grouping of stations into
homogeneous regions might correspond to different storm types suchas convective (short duration),

fromtal (long duration), etc. Hosking (1997) indicates that if the region is not accepted as
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homogeneous, then the proposed regions should be redefined. It is possible for a station to belong

to different regions depending on the storm duration,

Table 4.7: Factors considered for delineation of regions

Station D Location MAP Kendalls &
Tranton 6158875 Stiawrence 8403 -34
Ottawa CDA 8106000 Stlawrence €089 -50
Oitawa Alrport 5108978 Stlawrence 81058 -80
Picton 6186533 OStlawmence 0483 -18
Kemptville 8104025 StlLawrence 914.7 -38
Kingston 51041786 Stlawrence 921.2 -2

(1)
(2)
(3)
(4)
()

@

Homogeneous Regions

North

North West
St Lawrence
Central
Scuth
Stations

Figure 4.11. Station locations in the province of Ontario and homogeneous regions for a 5 minute

storm duration (20 year period)
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For the 20 vear period, the 5, 10 minute and 1, 6 hour storm durations have five regions that are
nearly identical to each other. These durations contain five regions: North (1), Northwest (2), St
Lawrence (3), Central {4}, and South (5), as shown in Figure 4.11 for the 5 minute duration rainfall.
The 15 minute storm duration is similar to the durations mentioned above; however, there is only
one North region. The 30 minute, 2, and 12 hour storms have similar regions where the North,
Central, and South regions have been adjusted to satisfy homogeneous conditions. Figure Bl
displays another example of 2 homogeneous region for the 20 year time frame in Appendix B. All

storm durations were delineated as shown in Figure 4.12 and B1, respectively.

Homogeneous Regions
(1) North

(2) St Lawrence
(3) Central
(4) South

& Stations

Figure 4.12: Homogeneous regions for a 5 munute storm for 3 25 year time frame
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For the 25 year period, the 5, 10 minute and 2, 6, and 12 hour storm durations have four regions that
are nearly identical to each other. The four regions are; North (1), St. Lawrence (2), Central (3), and
South (4), as shown in Figure 4.12 for the 5 minute duration rainfali. The 15 minute storm duration
is similar to the durations mentioned above, however, the Central and South regions have been
joined to form one region. The 30 minute storm duration has two regions in the North while the 1
hour storm have two regions in the South. These adjustments regions have been made to satisfy
homogeneous conditions. Figure B2 in Appendix B displays another region for the 25 year fime

frame. All durations were delineated as shown in figure’s 4.12 and B2, respectively.

Tables 4.8 and 4.9 show region size (number of sfations) along with their corresponding
heterogeneity and cross correlation values for a 20 and 25 vear time period, respectively. Region
sizes range from 4 to 17 stations, depending on location. There are more stations in southern
Ontario, in comparison with the rest of the province. All homogeneous regions formed by site
characteristics were accepted based on the at-site statistics for the 20 and 25 year time period.
However, one region in the 25 vear time frame has an H statistic of 1.08, meaning that it may be
heterogenous. Some regions have heterogeneity values that are negative, implying the regions may

be experiencing spatial correlation.
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Table 4.8: Spatial analysis results for homogeneous regions with a 20 year time frame

Rainfgil Homogeneous  Number of Regional Average Significant  Hetsrogeneity
Durations Regions Stations 0 rB Lag-1° Meaasure H*
North (1) 7 0.0168 0.0283 O -0.02
North West (2) 7 0.06862 -0.1448 0 0.03
5 minute 5t Lawrance (3) 5 0.0821 0.0862 0 -0.18
Central (4) 8 0.0058 -5.0187 0 0.18
South(8) 17 0.0488 -0.0720 ¢ 0.48
10 minute  North (1} 8 0.0188 0.0074 0 -0.21
North West (2) 8 0.0717 -0.4213 G 0.13
St Lawrence (3} 6 0.023 0.0844 G 0.72
Central (4) 8 0.0853 -0.0104 0 -0.98
South (5 18 0.0542 -0.0173 0 0.34
18 minule  North (1) 14 -0.0007 -0.0625 0 0.73
St Lawrence (2} 8 (.0048 (.0843 1 .77
Central (3) 8 0.0154 -0.0498 1 -0.82
South {4) 18 0.0587 0.0472 0 -0.16
30 minuie  North (1) 8 0.0148 0.0004 0 0.38
North West (2) 8 0.0018 0.0043 o 0.45
5t Lawrence (3) 8 -0.0089 0.0386 0 -0.5
Ceniral (4) 14 -0.0173 -0.0027 1 0.2
South (5) 10 5.0807 0.0205 0 0.84
1 hour North (1) 7 -0.0152 0.0183 0 -0.74
North West (2} 7 0.0234 0.0100 1 -0.08
St Lawrence (3} 8 0.0493 -0.0570 0 -1.04
Ceniral {4) 7 3.0412 0.0203 0 0.63
South (5) 17 0.0414 -0.0142 g 0.42
2 hour Norih (1) 9 0.0130 -0.0484 1 012
North West (2) § 0.0234 0.0608 0 0.78
St Lawrence (3) 8 0.1057 -0.0831 0 -1.78
Central (4} 11 -0.0024 0.0830 o -0.52
South (5 11 0.0645 -0.0759 0 0.44
8§ hour North (1) 9 0.0207 0.0222 g 0.01
North West (2) 5 0.0402 0.0265 0 0.85
St Lawrence (3) 8 0.2118 -0.0540 o -1.42
Central (4) 8 0.1621 -0.0488 0 0.12
South (85} 14 0.0568 0.0264 0 0.17
12 hour Morth (1) g 0.0845 0.0434 2 0.8
North Central (2) 5 0.0013 0.0818 G Q.78
3t Lawrence (3} g 0.2780 -0.0683 ¢ -1.07
Central (4) 9 0.0805 -3.1055 ¢ -0.84
South (5) 12 0.1307 0.0841 1 -0.81

#Calculated by using equation 3.34
¥ The average autocorrelation coefficient (squation 3.25) for a region

® The number of significant autocorrelation detected in a region

 Calculated by using equation 3.13



Table 4.9 Spatial analysis resulis for homogeneous regions with a 25 year time frame

Rainfal Homogeneous Number of Regional Average Sigrificant  Helsrogensity
Durations Regions Stations 1, 1, Lag-1°¢ Measure H°
Morth {1) 8 -0.0308 -0.0134 G 0.59
St Lawrence (2) 8 0.0388 0.0813 0 0.71
Bminste  Central (3} 2] 0.068 -0.0822 g (.88
South (4} 13 0.021 0.0288 1 0.97
10 minute  Norih {1) g -0.0460  -0.0082 1 -0.33
St Lawrence {2) 5] 0.0412 0.1032 0 0.43
Cenlral {3) 8 01101 0.013 0 0.16
South (4) 13 0.0228 0.0813 0 0.84
18 minute North (1) g -0.0250 -0.0528 1 0.98
Ceniral {2} 12 0.0322 0.0621 2 0.38
South (3) 16 0.0382 0.0811 & 0.84
30 minute  North (1) 5 -0.0625  -0.0849 0 0.28
North West (2) 4 0.0027 0.0155 0 0.61
St Lawrence (3) 8 0.0322 0.0331 o 0.15
Central (4) 11 0.0197 0.08 1 .83
South (5) 11 0.042 0.0425 0 -1.08
1 hour North (1) 9 -0.0047 -0.0732 1 -0.11
St Lawrence {2) 10 0.0541 0.0184 0 -0.51
Central {3) 8 0.0702 0.0031 0 0.41
South Central (4) L 0.0483 0.0851 0 1.08
South (5) 5 0.0831 0.0828 0 -0.27
2 hour North {1} 8 00073 -0.0085 0 0.83
St Lawrence (2) 7 0.1078 -0.0849 0 -1.01
Central (3) 3 0.0630 0.0539 0 0.47
South (4} 12 0.0717 £.05689 O 0.46
8 hour North (1) Ej -0.0211 0.0497 1 -0.42
St Lawrence (2} 7 (.2088 -0.0247 0 -1.23
Ceniral (3) 7 0.1588 ~0.0114 o -1.07
South {4} 14 £0.0851 0.0531 0 0.07
12 hour North 1) g -0.0128 0.0827 1 0.34
St Lawrance (2) 7 0.2833 -0.0744 0 -4.02
Central (3) 7 0.2383 -0.0842 o -1.13
South {4) 14 0.1014 0.1208 1 -0.48

*Calculated by using eguation 3.34
® The average antocorrelation coefficient (equation 3.25) for a region
° The number of significant autocorrelation detected in 3 region
¢ Calculated by using equation 3.13
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Regional lysis

4.6.1 Serial Correlation

Serial correlation indicates that the data is time dependent {not iid); however, the Mann-Kendall test
requires the data to be iid. Therefore, when serial correlation was found to be significant, then the
stations containing significant autocorrelation were pre-whittened ( correlation was removed). Table
4.8 reveals that 8 out of a possible 352 data sets had a significant serial correlation value. As for the
25 year time frame, 10 out of a possible 296 datasets had a significant serial correlation value.
Therefore, these stations were pre-whitened, while the remaining data for the other stations were left

intact.
4.6.2 Spatial Correlation

Spatial correlation is expected to occur if stations are relatively close together, thus experiencing
similar hydrological and climatic conditions. Table’s 4.8 and 4.9 show observed spatial correlation
for each region for the 20 and 25 year time frame, respectively. A few regions experience negative
correlation values that are near zero, implying spatial independence. Regions with significant spatial
correlation were detected by the method of L-moments indicated by negative H values. From the two
tables and figure 4.13, it can be observed that the correlation coefficients ranging from 010 0.09, with
corresponding heterogeneity values generally lie between 0 and 1, while cross correlation
coefficienis exceeding an approximate value of 0.09 produced generally negative values. Therefore,

the spatial correlation was present.

From table 4.8, the following regions may be significantly correlated for the 20 year time frame: St
Lawrence for the 5 minute, 1 hour, 2 hour, 6 hour, and 12 hour storm duration; Central for the 5
minute, 10 minute, 6 hour, and 12 hour storm duration; and the South 30 minute, and 12 hour storm
durations. As for the 25 year period shown in table 4.9, the following regions may be experiencing

spatial correlation: South regions with 30 minute, 1, and 12 hour; St Lawrence with 1, 2, 6, and 12
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hour storm durations; and Central regions with 6, and 12 hour storm durations.
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Figure 4.13: Relationship between heterogeneity measure (H) and cross correlation coefficients for

all time frames

The possibility of spatial correlation occurring for various durations in the 8t Lawrence and Central
regions is not surprising considering these regions are the smallest in terms of geographical distance.
The South regions contain the largest amount of neighboring stations which may be responsible for
spatial correlation to occur. The North regions are the largest in terms of geographical distance
between stations having very few stations; therefore, it is reasonable to assume that stations existing
in this region do behave independently of each other. Long durations storms have the majority of

regions which may be spatial correlation.

Spatial correlation was further examined with the use of variograms. Figure 4.14 (a) illustrates a
variogram for the St Lawrence region for a 2 hour region and 20 year time frame indicating a
relationship between the separation distance of the stations and the variance. The heterogeneity
measure and cross correlation for this region is -1.76 and 0.1057, respectively. All three techniques
indicate that the region is spatial correlated. Figure 4.14 (b) shows the South § minute region where

range is non-¢xistent, and the correlation among stations behave independently of each other. The
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heterogeneity and cross correlation values for this region are 0.46 and 0.0488, suggesting that all
three techniques conclude that the region is not significantly correlated. Each assumption of a spatial
correlated region was examined by the same procedure performed for all regions and durations for
both time frames. Two additional variograms (figure’s B3 to B6) for each time frame can be seen

in Appendix B. However, variograms were computed for all regions and time frames in this thesis.
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4.6.3 Regional S Statistic

Table 4.10 shows the results of the trend tests for homogeneous regions that are serial and spatially
independent for a 20 year time frame. The trend results include the reduction of the variance caused
by the occurrence of tied data. Significant trends are apparent in short storm durations, with 6 out
of the 8 regions showing significance in the 5 and 10 minute storms, respectively. Only 3 significant
trends were observed in the remaining storm durations. Four significant trends were positive while
5 were negative. This shows that different patterns of trends are observed for different regions and

storm durations in Ontario.

The North (1) region experienced positive trends for all durations, and significant trends were found
in four of the durations. The St Lawrence regions experienced negative trends for all durations and
significant trends were found forthe 5, 10, and 15 minute storm durations. The South region for the
5, and 10 minute storm experienced significant negative frends, and all trends in the South regions,
with the exception of the Z hour duration, were negative. The five regions labeled Central for the
15, 30 minute and 1, 2, and 12 hour storms had positive trends, but none statistically significant at
the 5% level.

Seven regions were assumed to be spatially dependent based on the cross correlation coefficient,
heterogeneity measure, and empirical variograms. The bootstrap method was employed to create an
empirical CDF to determine the significance of trends. Table 4.11 reveals that no regions
experienced a statistically significant trend. The highest observed spatial correlation was found in
the St Lawrence region for a storm duration of 2, 6, and 12 hour, and in the Central Region for the
5, 10 minute and 6 hour durations. The Central and $t Lawrence regions maintained their positive
and negative trend as found for spatial independent regions in Table 4. 10. Bootstrap CDF’s (figure’s
B8, BY) for two additional durations for 2 20 year time frame are displayed in Appendix B. However,
bootstrap CDE’s were computed for all spatially significant regions, and the results incorporated in

the analysis.
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Table 4.10: Trends found for regions that were serial and spatially independent for a 20 year

time frame

Rainfall Homogeneous  Number of
Duration Ragion Stations Savg® Zp Significance® Rate®
5 min Meorth (1) 7 28.14 2.52 98.81% 0.0831
North West(2} 7 -18 -4.57 88.27 -0.0681
St Lawrence (3} 3 -40 -2.92 95,64 -0.1825
South (8} 17 -25.58 -3.51 29 95" -0.083
10 min North (1) 8 21.88 2.02 05 68* 0.0705
North Wast (2) 8 -20.87 -1.84 89.8¢ -0.0975
St Lawrence (3) 8 -33.33 -2.66 9921 -0.2194
South (5) 18 -18.56 -2.58 89.02" -0.1274
15 min Norih (1) 14 8.07 0.89 87.81 0.0213
St Lawrencs (2) & -25.33 -2.02 85 69" -0.2530
Central (3) 8 13.43 1.21 77.32 0.1169
South (4) 16 -14.68 -1.93 24,63 -0.118¢
30 min Morth (1) 8 10.83 0.86 81.23 0.1080
North West (2) 8 35 0.32 2534 -0.0202
St Lawrance (3) 8 ~24 -1.81 84,40 -0.2929
Central {4} 14 11,57 1.42 8435 0.1098
South {5) 10 -15.5 -1.80 88.99 -0.1374
1 hour Morth (1) 7 7.71 0.67 49.42 0.1028
North West {(2) 7 6.14 0.583 40.26 -0.1018
8t Lawrance (3) 5] -20.33 -1.63 80.62 -0.3001
Ceniral (4) 7 16.71 1.44 84.96 0.2211
Scuth (8) 17 -8.74 ~1.3G 80.78 3.0798
2 hour MNorth (1) 9 21.22 2.08 96.23" 0.2732
Morth West (2} 5 -22.2 -1.61 82.28 -0.3874
Central {4) 11 1.48 0.16 12.48 0.0215
South (5) 11 3.82 0.41 31.84 0.0025
8 hour North (1) ] 2322 2.28 977V 0.4400
MNorth West (2) g -24 -1.74 81.88 -0.4308
South (5) 14 -8.71 -1.18 78.25 -0.1443
12 hour North (1) g 4.58 (.45 34.38 0.0889
North Ceniral & 15 1.08 7243 0.3654
Central (4) & 578 0.58 42,73 0.1928

¢ Calculated using equation 3.20
¥ Calculated using equation 3.22
¢ Calculated using equation 3.19
4 Slope (B) from equation 3.14

X Significant at 5 % level
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Table 4.11: Trends for regions that were serial independent and assumed spatially correlated for

a 20 year time frame

Rainfall Homogensous  Mumber of Bootstrap _
Durations Regions Siations S avg®  Probebility®  Significance®  Rate®
& rin Caniral (4) & 22 0.8505 0.901 0.0858
10 min Central (4) 8 10.62 0.7804 0.5788 0.0583
2 hour 5t Lawrence (3) 8 -15.37 0.1282 0.7438 -0.2512
8 hour St Lawrence (3) 8 -24.875 0.0311 0.9378 -0.4798
Central (4) 8 2283 0.0825 0.808 0.3254
12 hour St Lawrance (3} 9 4877 0.0837 $5.8326 -0.4042
South {5) 12 -17.186 0.1023 0.7954 ~(.3261

* Calculgted using equation 3.20

¥ Computed by empirical CTIF procedure for sach region {section 3.5), as shown in figure 3.5
¢ Calculated from figure 3.6

S Slope (B) from equation 3.14

Table 4.12 shows the results of the trend tests for the regions that are serial and spatially independent
for a 25 year time frame. As in the 20 year time frame, significant trends are found in short storm
durations, with 4 out of the 5 regions showing significance in the 5 and 10 minute storms,
respectively, Significant trend was observed in the 2 hour storm duration. Three significant trends

were negative while 2 were positive.

The North regions experienced a mixture of posifive (3 durations) and negative (5 regions) trends,
however, none significant at the 5% level. The St Lawrence regions experienced negative trends for
all 4 durations and significant trends were found for the 5, and 10 minute storm durations. The
Central regions experienced all positive trends in short and long duration storms with significant
trends found in the 5 minute, and 2 hour storm durations, respectively. The South regions
experienced negative trends for short duration storms (5, 10, 15, 30) while long duration storms (1,

2, and 6 hour) had positive trends, with the 10 minute storm having a significant trend.
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As shown in table 4,13, seven regions were spatially dependent based on the spatial analysis. Two
regions, Central for 5 minute, and 6 hour were found to have significant positive trends. The St
Lawrence regions experienced negative trends for all durations, while the Central and South regions
were all positive.  Bootstrap CDF’s (figure’s BY to B10) for two additional durations for the 25 year
time frame are listed in Appendix A. Bootstrap CDF’s were computed for all spatially significant

regions in the 25 year time frame and resulis included in the analysis.

Table 4.12: Regions found to serially and spatially independent for the 25 year time frame

Rainfall Homogeneous  Number of
Duration Region Stations 8 avg® Z Statistic®  Significance®
North (1) 2 1.56 0.11 £.0879
5 minute St Lawrence {(2) 8 -45 -2.59 0.9805"
Central {3) 9 43.44 3.08 08878
South (4) 13 -22.48 -1.93 0.9485
North (1) 9 -19.89 -1.40 0.8379
10 minute  SiLawrence (2) 5 -34.17 -1.98 0.85*
South (4) 13 -23.92 -2.03 0.958%
North (1) 9 878 -0.68 0.5101
15 minute  Ceniral (2} 12 11 0.20 0.83
South (3} 18 -14.62 -1.38 0.8339
North (1) 8 -8.4 -0.44 0.3404
North West (2} 4 -5.5 -0.28 £.202%
30 minute St Lawrence (3) 3] -17.17 -0.99 0.6784
Central (4) 11 22.91 1.79 0.9258
South {5) 11 -8.82 -0.53 0.4045
North (1) g -9.67 -0.68 £.5032
1 hour St Lawrence (2) 8 -18.5 -1.28 0.8034
Centrat (3) 10 10.5 0.78 (.568583
South Central(4) 5 20.4 1.07 0.7135
South (&) 5 24.4 1.27 0.7977
North 1) g 3.67 0.28 0.2034
2 hour Central (3) 9 35.33 2.48 0.0889"
South (4) 12 10.33 0.84 0.5688
North (1) 9 -3.89 -0.27 0.2153
& hour South {4} 14 8.64 0.76 0.5809
12 hour North (1) 9 B.44 0.59 0.4486

* Calculated using eguation 3.20
® Calculated using equation 3.22
¢ Caleulated using equation 3.19
¥ Significant at 5 % level
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Table 4.13: Regions found to be spatially correlated for the 25 year time frame

Rainfall Homogeneous  Number of
Duration Region Stations Savg® - Z Statistic® Significance®
10 min Central (3} 2 38.44 0.988 0.978"
2 hour St Lawrence (2) 7 12 0.2383 0.5234
& hour St Lawrence {2) 7 -19 01318 £.7388
Cantral (3) 7 43.43 0.8927 0.6854"
12 hour St Lawrance (2) 7 -13.88 0.2077 0.5848
Ceniral (3) 7 2257 0.8042 0.8084
South (4} 14 8.71 0.6818 0.3832

¢ Calculated using equation 3.20

® Computed by empirical CDF procedure for each region {section 3.5), as shown in figure 3.6
© Caleulated from figure 3.6

* Significant at 5 % level

4.7 Comparison of Tests

In past studies (Zhai et al., 1999, Plummer et al., 1999), authors ignored the role of serial and spatial
correlation in trend analysis. However, they still used trend tests violating the assumption that the
data to be iid. The effects of serial and spatial correlation on the interpretation of the trend is
explored in this section. Figure’s B11 to B13 in appendix B show additonal durations for stations

in both time frames. However, comparison’s for all durations and stations were performed.

Figure 4.15 compares the field significance of raw and pre-whitened data for regions with a storm
duration of 15 minutes for a 20 year time frame. Positive serial correlation removes a portion of the
trend. From the nine regions that are found to be significant, the assumption of serial dependency
would reduce the total significance to four regions. As for the 25 year time frame, out of the 7

significant trends, only 4 regions would be significant at 2 5% level.
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Figure 4.16 compares field significance of regions that are spatially correlated (as givenintable 4.11)
with the assumption of spatial independence for a 20 year time frame. The bootstrapping technigue
was used for spatial correlation, while the Mann-Kendall procedure was used for spatial
independence. Three region would have experienced significant trends if spatial correlation was
ignored. As for the 25 year time frame, all 7 regions would have experienced a decrease in trend
interpretation. However, the two original significant trends found (table 4.13) remain significant in
both procedures. This is due 1o the high regional positive trends found in the Central regions,
respectively. Thus, it is important to accurately determine if a region is spatially correlated or
independent. The differences between the two cases is generally 10 % for the annual maximum

precipitation.
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ers

5.1 Conclusions

The following are conclusions made from the results of this study:

1.1 Trends have been detected in various stations across the province of Ontario for all storm
durations. Treads were predominantly found for short duration storms, with significant
increases generally occurring in northern Ontario, whereas significantly decreases generally

found in southern Ontario.

1.2 Significant autocorrellation was detected in a small number of stations in single site (4.2%)

and regional analysis (2.3%) of annual extreme rainfall time series.

1.3 Significant increases in design storm frequency have been detected in IDF estimates with
stations experiencing increasing trends, in comparison with the same station with the trend
removed. The rainfall series with trend causes the return period to be shorter than if trends

were not accounted for.
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1.4

1.5

1.6

1.7

1.8

1.9

Homogeneous regions were delineated for 8 storm durations and two time frames.
Homogeneous regions for one storm duration might not necessarily be homogeneous for
another duration. It is possible that grouping of stations into homogeneous regions might
correspond to different storm types such as convective (short duration), frontal (long
duration). The mitroduction of trend detection in homogeneous region delineation is original

and was found to be a very significant contribution of this research.

Spatial correlation was detected by calculating cross correlation between stations, L-
moments, and variograms. Spatial correlation was strongest with stations within close

proximity of each other. Approximately 19% ofthe regions tested were spatially correlated.

Significant trends were observed in regional data sets, notably in short durations storms.
The North regions generally experienced positive and negative trends for different time
frames. The 5t Lawrence regions experienced negative trends for all durations and
significant trends were found. The Central regions had positive trends, and the South region
generally experienced negative trends. In total, 22% of regions tested were significant at the

584 level.

It was demonstrated, that presence of positive serial correlation removes a portion of the
trend. Serial dependency would reduce the total number of significant regions used in this

thesis.

The assumption of spatial dependency in regional data sets also reduces the significance of

trend
This study demonstrates that different areas of the Province of Ontario show different trends

and tendencies in extreme precipitation. There seems to be no simple trend description

possible for all rainfall stations and durations.
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1.2

1.3

endati

Since significant trends have been detected in this research in design storms, it is therefore
recommended that further study is warranted in order to evaluate more fully the practical

significance of trends in design storms as applied in engineering projects.

It might be useful to conduct a similar study using Geographical Information System {GIS)

which would facilitate more rigorous regional analysis

Since some stations have incomplete records, it would be very important for climate

research studies to maintain them, especially in Northern Ontario.
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Table Al: Autocorrelation Coefficients (ACF) for Atikokan Station

Storm ACF
Duration N =22 years”
5 minute -(3.2263
10 minute -0.1759
15 minute -0.3411
30 minute -(.2104
60 minute -0.0141
2 hour 0.6471
6 hour 0.1608
12 hour -0.0356

! calculated using equation 3.25
* significance level calculated to be 0.4179 using equation 3.26 for a record length (N} of 22 vears

Table A2: Autocorrelation Coefficients (ACF) for Big Trout Lake Station

1

Storm ACF’

Duration N =20 yearss N=24 years’
5 minute 0.0603 0.2417
10 minute 0.2714 0.4487
15 minute 0.2181 0.3958
30 minute 0.4100 0.3245
60 minute 0.3106 0.3494

2 hour 0.0725 0.0880

6 hour -0.0207 -0.0058

12 hour -0.0272 0.0477

! caloulated using equation 3.25
? significance level calculated to be 0.4383 and 0.4000 using equation 3.26 for a record length (N) of 20
and 24 years, respectively

Table A3: Autocorrelation Coefficients (ACF) for Bowmanville Station

Storm ACF'

Duration N =20 years” N=25 years- N=31 vears’
5 minute -0.2730 -0.2486 -0.1691
10 minute 0.3220 $4.3156 0.1894
15 minute 0.5504 0.4923 0.3954
30 minute 0.6331 0.5096 0.443%
60 minute 0.1517 0.0787 6.0511

2 hour 0.3592 0.3167 0.2505

6 hour 0.2512 0.3565 0.3244
12 hour 0.3142 0.3464 0.3472

! calculated using equation 3.25
* significance level calculated to be 0.4383, 0.3920, and 0.3520 using equation 3 26 for a record length (N)
of 20, 25, and 31 years. respectively
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Table Ad: Mann-Kendall’s 8§ and 7 Statistic for Atikokan Station

Storm Record Length = 22 vears
Duration g Z

% minute -43 -1.1853

10 minute -37 -1.0151

15 minute -5 -0.2258

30 minute -26 -0.7052

1 hour -39 -1.0724

2 hour -34 -0.9309

& hour -2 -0.0282

12 hour 0 0.0000

i Calculated using equation 3.16
* Caleulated using equation 3.18

Table AS: Mann-Kendall’s S and Z Statistic for Big Trout Lake Station

Storm Record Length = 20 vears Record length = 24 vears

Duration st 7 gl A

5 minute 22 0.6830 85 2.0872
10 minute 29 0.9089 61 1.5857
15 minute 36 1.1355 100 2.4556
30 minute 23 0.7142 58 1.4147
1 hour 12 0.3569 24 0.5705
2 hour -5 0.1300 i3 0.2979
6 hour -8 -0.2282 -15 -0.3478
12 hour 14 0.4218 60 1.4635

' Calculated using equation 3.16
? Calculated using equation 3.18

Table A6: Mann-Kendall’s S and Z Statistic for Bowmanville Station

Storm Record Length =20 years  Record Length =25 years ~ Record Length = 3lyears

Duration ! 7> S 7 S4 Zs

5 minute 21 0.6492 31 0.7008 43 0.7141
10 minute 41 1.2985 46 1.0515 74 1.2413
15 minute 38 1.2017 4 0.0701 17 0.2856
30 minute 27 0.8452 0 0.0000 29 0.4999
1 hour 30 0.9419 64 1.4722 91 1.5306
2 hour 29 0.9089 83 1.9156 112 1.8869
6 hour 41 1.2985 91 2.1025 84 1.4109
12 hour 24 0.7462 58 1.3312 58 0.9689

" Calculated using equation 3.16
? Calculated using equation 3.18
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Table A7: Sites with Significance Levels of Trend Between 5% and 10%

Site Station Number Storm Dugation Significance’
Bowmanville 6150830 2 hour 9408
Burketon 6151042 6 hour 94,08
Barfalls 6012198 15 minuie 92.86
Fergus S.D. 6142400 & hour 92.04
Greenwood 6153020 5 minute 90.42
Kapuskasing 6073960 1 hour 92.42
Kapuskasing 6073960 6 hour 93.16
Landsdowne 6014350 12 hour 94 18
Moosonee 6075425 15 minute 90.94
Moosonee 6075425 30 minute 9394
Niagra Falls 6135638 10 minute 9478
Niagra Falls 6135638 15 minute 8476
North Bay 6085700 12 hour 93.66
Oshawa 6155878 5 minute 9468
Oshawa 6155878 10 minute 93.42
Oshawa 6155878 15 minute 94.44
Oshawa 6155878 2 hour 9394
Oshawa 6155878 6 hour 94.68
Ottawa Airport 6106000 12 hour 90.84
Owen Sound 6115820 30 minute 9424
Owen Sound 6115820 1 hour 90.84
Peterborough 6166450 12 hour 90.30
Peterborough A. 6166418 5 minute 91.46
Preston 6146714 5 minute 9448
Slate Island 6047810 5 minute 01.40
St Catherine 6137287 10 minute 9474
St Catherine 6137287 12 hour 91.80
Sudbury 6068150 2 hour 90.20
Timmins 6076572 30 minute 94,72
Toronto 6158350 6 hour G358
Toronto 6158350 12 hour 8456
Waterloo 6149387 10 minute 9472
Waterloo 6149387 15 minute 94.72
Wiarton 6119500 2 hour 935
Windsor 6139525 10 minute 93.34
Windsor 6139525 60 minute. 94.08
Windsor 6139525 12 hour G322

' Calculated using equation 3.19
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Figure B1: Homogeneous regions for 2 10 minute storm for a 20 year time frame
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Figure B2: Homogeneous regions for a 10 minute storm for 2 25 year time frame
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Figure B3: Spatial variations for North 5 minute region (20 year period), Solid lines indicate

fitted variogram models.
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Figure B4: Spatial variations for South 15 minute region (20 year period). Solid lines indicate
fitted variogram models.
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Figure BS: Spatial variations for St Lawrence 2 hour region (23 year period). Solid lines indicate
fitted variogram models..
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Figure B6: Spatial variations for North 6 hour region (25 year period). Solid lines indicate fitted

variogram models
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Figure B7: A bootstrapped cumulative distribution function for a § minute storm (20 year
period) for the Central region.
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Figure B8: A bootstrapped cumulative distribution function for a 2 hour storm (20 year
period) for the St Lawrence region.

Regional Average Kendall S

0 0102 03 04 05 06 07 08 09 1
Weibull's Exceedance Probability

118



Figure BY: A bootstrapped cumulative distribution function for g 10 minute storm (25 year
period) for the Central region.
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Figure B10: A bootstrapped cumulative distribution function for a 2 hour storm (25 year
period) for the St Lawrence region.
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Figure B11: Comparison of raw and pre-whitened data for the 5 minute storm duration for a 20
year period for regions that are serial and spatially independent. Line at 5% level.
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Figure B12: Comparison of raw and pre-whitened data for the 10 minute storm duration for a 25
year period for regions that are serial and spatially independent. Line at 5% level.
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Figure B13: Comparison of spatially correlated (dependent) regions with the assumption of
spatial independence. Correlated regions for each duration is listed in table 4.15
for the 25 year period.
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Table C1: Stations used in the analysis

Station o Record Pariod Latitude Longitude
Atikokan 8020372 22 1687 - 1988 48°°4F 91737
Big Trout Lake 8010738 24 18687 - 1890 53°°80 8g°°52'
Bowmanvilie 8150830 31 1968 - 1968 43°°88 78°° 40
Brantford 5140054 35 1961 - 1995 43°°08' 80”14’
Brocikyvilie 8100971 24 1967 - 1980 44°°36° 75°° 40
Burkston 8151042 30 1860 - 1688 44°°02' 78°748
Campbeliford 8151137 25 1973 - 1987 44°°1F T7°°48
Caribou island 8041221 23 1968 - 1988 47°°20 8550
Cental Patricia 8016525 37 1853 - 1989 51°°27 9013
Chak River 8106400 34 19681 - 1994 45°°5¢" 77°°28'
Chatham 81314158 33 1066 - 1698 42°°23 g2e 12
Corrwall 8101801 37 1957 - 1993 45°°02 74°°48
Dathi CDA 8131682 34 1962 - 1805 42°°82 BO*"33
Ear Falls 8011298 38 1952 - 1990 50°°38' 93°° 1%
Elora 8142285 22 1970 - 1881 43°°39 8028y
Fergus Shan 6142400  31-37 1662(88) - 1998 43>°44' 80°°2¢'
Geraldton B0427186 38 1852 - 1880 49°° 4T 26°°58°
Greenwood 8153020 23 1970 - 16892 43°°54’ 79°°04
Giselph 6143062 37 1854 - 1990 43°°33 80°1%
Hamiiton A 5153194 28 1871 - 1998 43°°10 79°°56"
Hamiiton RBG 6153300 34 1983 - 1986 43°°17 7853
Kapuskasing 8073860 25 1966 - 1980 49°°24' 82°°28'
Kempivilie 8104025 27 1970 - 1698 45°°00° 75°°38'
Kenora 6034075 25 1966 - 1990 48°°47" Q422
Kingston 8104175 38 1981 - 1988 447714 76°°29°
Landsdowne 6014350 18 1971 - 1988 520714 87°°53
Lindsay 8164432 24 1865 - 1988 44°721 7844
London 5144475 47 1052 - 1998 43°°02" 81°°09
Mississaggl 8055210 20 1871 - 1880 467°26° 8372%
Moosonee 8075425 23 1868 - 1890 51°°18' 80°°39
Niagra Falls 6135638 28 1865 - 1990 43°°08 79°°05'
North Bay 8085700 27 1884 - 1880 46°71Y 7getzg
Crillia 6115820 27 1865 - 1891 44°°37 78728
Oshawa 5155878 29 1970 - 1598 43°°52" 78°°50°
Ottawa CDA 6105876 45 1959 - 1998 45°°2% 75%°4%
Otlawa Int A 8106000 32 1967 - 1988 45°1g 757740
Cwen Sound 8116132 32 1985 - 1998 44°°358 8&°°Bg
Peterborough 8168450 28 1976 - 1982 44717 78°°1¢
Petarborough A 6166418 28 1671 - 1988 44%° 14 782t
Picton 5156533 30 1066 - 1805 44°°01 77°°08"
Port Colborne 6136606 34 1964 - 1997 42°°53 79°°15°
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Table Cl: (continued)

Station o Racord Period Latitude Longiude
Prasion 6146714 26 16971 - 1895 43°°23 80° 21
Rawson Lake 5036904 20 1971 - 1080 49°°3g 934y
Samia 8127514 28 1970 - 1887 43700 azog
Sault Ste Marie B0O57E83 28 1962 - 1980 467729 84730
Sioux Lookout 6037775 28 1963 - 1980 50°°07 g1°°54"
Slate island BO4T810 23 1867 - 1882 48°°37 g7e oy
St Catherine 5137287 28 1671 - 1998 43°2 79°15"
St Thomas 8137362 73 1926 - 1888 42°°77 a1
Siratford 8148108 33 1966 - 1998 43°°22' 81°°00¢
Sudbury 8068150 20 1971 - 1920 48°°37 8048
Thunderbay 8048261 39 1952 - 1980 48°°22' ag~ g
Tirmmins BOTBS7Z 38 19582 - 1880 48728 g81°1¢'
Toronto 8158350 58 1840 - 1898 4340 79785
Toronto Ellesmere 8158520 29 1966 - 1994 43°°48 7g°°18'
Teoronto Island A 8158685 24 1971 - 1994 43°°38' 78724
Toronto Old Weston 8158784 22-25 18686 - 1987(80) 43°°39 7g°728
Toronto Pears. A B158733 49 1850 - 1988 4340 79°°81
Toronio Shelbourne 6158408 28 1986 - 1983 43°°3g 7821
Trenton 6158875 33 1865 - 1987 44°°Q7 77°°32
Waterioo 6149387 28 1871 - 1898 43°°27 80°2%
Wiarion 8119500 25 1973 - 1958 44°° 45 g81°°08'
Windsor 8139825 53 18486 - 1998 42°°1¢' 8z°°58




Table C2: Station data for IDF estimates and return period

Station Station 1D Latilude Longitude Record Length Period

Big Trout Lake 8010738 53°°50r Ve 24 1967-1890
Bowmanville 8150830 43°°87' 7824 30 1968-1298
Burketon 6151042 44°°02' 78°°48 30 1969-1988
Chalk River 8108400 45°°5¢9° 77°°26° 34 1861-1994
Delhi g131882 42°°52' 80°°33 34 1962-1995
Kingston 8104175 44°°14' 78°°28° 38 16611998
Moosones 6075425 51°°1¢° 80°°3Y 23 1888-1980
Orilia 5115820 44°°37 79 25 27 1965-1991
Oshawa 8156878 43°°8% 7804 28 1670-1988
Port Colborne 5136608 42°°85' 78°°15 34 1964-1997
Praston 5146714 43°°24' 80°°28' 25 1871-1905
Samia 8127514 43°°00° 82°°18' 28 1970-1097
Sudbury 8088150 48°°37 80°°48' 20 18711990
Timmins 8076572 48°°34' §1e22 3% 1952-1880
Waterioo 6148387 43°°2¢ 80731 28 1971-1008




Table C3: Stations and time frames for regional analysis

Station igentification Record Lengih'
Number 1986-1908 167118058 1976-19858 1986-1890 1871-1480

Big Trout Lake 8010738 ¥
Bowmanville 8150830 % X

Brantford 6140854 X X X

Burkston 8151042 ® ®

Campbeliford 8151137 X

Chatham 5131415 X X X

Delhi CDA 8131982 X X ¥

Ear Falls 6011288 X X
Fergus Shan Dam 5142400 X X X

Geraidion 8042718 X X
Hamilton A 6153194 X %

Hariton RBG 8153300 X X X

Kapuskasing 8073980 X X
Kemptvilis 6104025 X %

Kenora 8034075 X X
Kingston 8104178 X X X

London 5144475 X X X

Mississaggi 8055210 X
Moosonee 6075425 X
NorthBay 8085700 Y 4 X
Cshawa 8155878 % X

Ottawa CDA 8105976 X X X

Ottawa Int"M A 6108000 % X

Cwen Sound 8116132 4 X X

Petarborough A 5166418 X X

Picton 5156533 X X X

Port Colborme 5136608 X X X

Preston 6146714 X X

Rawson Lake 80356804 : X
Samia 8127514 % X

Sault Ste Marie 8057593 % X
Siocux Lookout BO37775 X X
8t Catherine 8137287 X X

St Thomas 8137382 X X X

Stratford 5148105 X X X

Sudbury 8068150 X
Thunderbay 8048261 % x
Timmins 6078572 X X
Toronto 158350 X X bs

Toronio Pears. A 6168733 X b4 X

Trenton 6458875 X X *

Waterloo 6149387 X X

Wiarton 8118500 4

Windsor 6138525 % X ¥

' x indicates availability of data for a station and periods used in regional analysis
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Program D1: Mann-Kendall Test Statistic

# this program calculates the Mann-Kendall Statistic S for Ottawa CDA(6105976) at a
# significance level (alpha) of 5%.

stanion<-61035976
alpha<-.05

#functions: sgn - assigning +1,-1, or 0 for the Mamn-Kendall test; flow - displays the data as a
#nx2 matrix (time and rainfall data); naord - omits any NA at the beginning of the data.

sgn<-function(x}{ if (x>0}{-1} else if (x==0}{0} else{1}}
flow<-function(stn){lawr{lawr$stnid==stn ,c{"year","five. min"}]}
ord<-function{stn){flow(stn)[order{flow(stn)}{,"year"]},]}

naord<-function(stn){na.omit{ord(stn))}
#length of rainfall series (p); W is the rainfall data separated from the flow matrix.

W<-function{stn){naord(stn){ I n(stn), "five.min"] }
p<~function(stn){length(W{stn})}

#calculate M-K statistic

aux_rep(1,p(station))%0c%W(station) - W{station)%e0%rep(1,p(station))
aux2_aux{col{aux)<row(aux)]

psum<-sapply(aux? sgn)

sum{psum)

#Displays results

cat{"The S variable is " sum(psum),\n")

D2: Modified Mann-Kendall Test

# this program calculates the Mann-Kendall Statistic S for Kingston (6104187)ata
# significance level (alpha) of 5%.

station<-6104175
alpha<-05

##functions: sgn - assigning +1,-1, or 0 for the Mann-Kendall test; flow - displays the data as a
#nx2 matrix (time and rainfall data); naord - omits any NA at the beginning of the data.
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sgn<-function(x){ if (x>0){1} else if (x==0){0} else{-1}}
flow<-function(stn){south20reg{south20regSstnid==sin ,c("year", five. min"}}}
ord<-function{(stn}{ flow{stn)[order(flow(sm){,"vear"1},}}
naord<-function{stn}{na.omit{ord(stn))}

# Determines the autocorrelation of the time series and selects the first order (lag 1)
#autocorrelation.

corr<-function(stn}{acf{ord(stn}{,"five. min"],plot=F}}
lagl<-function(stn){corr(stn)$acf[[2]]}

#length of rainfall series (p); W is the rainfall data separated from the flow matrix and a #the
series with the first order autocorrelation removed.

W<-function(stn){naord(stn)[2:n(stn),"five.min"}- lagi (stn)*naord(stn)[ 1 :{n(stn)-1),"five. min"}}
p<-function(stn}{length(W(stn))}

Healculate M-K statistic
S<-0

aux_rep(1,p{station))%e0% W(station) - W{station)%o0%rep(1,p(station))
aux2_auxjcol{aux)<row(aux)]

psum<-sapply(aux2,sign)

sum(psum)

#Displays the results
cat("The S variable 1s ",sum(psum),"\n")

D3: Variograms

#This program computes an omnidirectional variogram for the north region, 20 year time frame.
#1t calculates the variogram of gamma b + gamma s of rainfall data over all time

#A file called ERIOD contains all stations and geographic location with in Ontario. Stations
#belonging into a region are selected from the ERIOD file with their time frame, longitude, and
#latitude, respectively.

stations<-¢(6,7,9,10:14)

tframe<-1971:1990

loc<-eriod[c(stations),c("latitude”,"longitude")]

#Opens up the spatial module which exist in S-Plus to fit the observed data to a linear, gaussian,
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#or exponential vartogram

var.fun<-function{gamma,distance,range, sill}{ gamma- exp.vgram{distance, range=range sili=sill)}
vargs. fin<-function{gamma, distance range,sill}{ gamma-gauss.vgram{distance, range=range,
sill=gill)}

varlin. fun<-function{gamma,distance,slope){ gamma-linear. vgram{distance, slope=slope)}

#Omits any NA at the beginning of the data. NAs throughout the time series were replaced by
#an average. N function is the length of the rainfall series; W is the rainfall data for a station in
#the defined region. Datpiece is the rainfall data along with the stations number for all stations
#in a region, assembled into a matrix.

data<-function{stn}{northg[northgS STNID==stn, c("year","ten.min"}]}
ord<-function(stn}{data{stn){order(data(stn){,"vear"]),1}
naord<-function(stn){na.omit{ord(stn)}}
n<-function(stn){dim{naord(stn)}{[ 111}

W<-function{stn}{naord(sin)[ 1:n{stn),"ten. min"] }
datpiece<-sapply(stations, W)

# Computes the gamma variable of the datpiece matrix

p.jul<-function(i){data. matrix({datpiecel,i}-datpiece],(i+1):dim(datpiece){[2]]]1V"2)}
ps.jul<-function(i){apply(p.jul(i),2,sum,na.rm=T)}
gammabs<-0

for (i in 1:(length(stations)-1}}{
nacount<-apply(apply(p.jul(i),2,is.na),2,sum}
good<-length(tframe) - nacount
g<-ps.jul(iy/(2*good)
Caﬁ(“",g,"\ﬁ“)
gammabs<-append(gammabs,g)
#cat(round{gammabs,3),"\n")}

# The separation distance is computed as a euclidean distance and matched with its
#corresponding gamma variable

gammabs<-gammabs|-1]
distvec<-dist(as.matrix({loc))
viul<-chind(distvec,gammabs)

dimnames{vjul}<-list NULL,c("distance”,"gamma")})
viul<-gs.data.frame(vjul}
vi<-vjullorder(vjul[,"distance"}),]
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#Various optimum fitting variograms

#optvi.lin<-nls{~varlin fun{gamma, distance,slope),data=vj, start=list{slope=4})
#optvi.exp<-nls(~var.fun{gamma,distance,range, sill),data=v], start=list{range=1 sill=2})
#optvj.gau<-nls{(~vargs.fun{gamma,distance range sill),data=vj, start=list(range=1,sill=2))
#Output of 2 plot of the semivariogram

plot(vi$distance,viSgamma,xiab="Space lag (vears)",ylab="V ij")

title{"semivariogram™)

#lines(vi$distance, linear.vgram(viddistance slope=optvj Iindparameters{"slope™]})

lines(vi$distance, spher.vgram(vj$distance, range=4,sill=15 nugget=2))

Dd: Bootstrap Algorithm
#this program calculates the Mann-Kendall Statistic S and bootstrap replicates for Oshawa
options{object.s1ze=%¢6)

#mean of the average S statistic must have a mean of zevo, therefore, the while loop 15 used to
#satisfy this condition.

while(sum(psum)i=0) {

#functions: sgn - assigning +1,-1, or § for the Mann-Kendall test; flow - displays the data as a
#nx2 matrix (time and rainfall data); naord - omits any NA at the beginning of the data.

station<-6158875

sign<-function(x)}{ if (;x>0){-1} else if (x=0){0} else{1}}
flow<-function(stn}{south20reg|south20reg8stnid==6158875 ¢("year", "five. min")]}
ord<-function{stn){ flow{stn)[order(flow(sin)[,"year"]},1}
naord<-function(stn}{na.omit{ord(stn}})}

#length of rainfall series (p); W is the rainfall data separated from the flow matrix.

W<-function{stn}{naord(stn){ 1 :n(stn), "five.min"}}
p<-function(stn}{length{W(stm})}

# The rainfall series was re-sampled (called a) and assigned a variable called JJ o be used to

#determine the kendall S statistic.
a_sample(W(stn), replace=T)
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JJa
a4

cat{"samples”,a,"\n"}
cat{"samples",JJ,"\n"}

#calculate M-K statistic with the re-sampled rainfall series

psum<0

avx_rep(1,p(station)})%e0%JJ - J1%0%rep(1,p(station})
aux? aux|col(aux)<row{aux)]

psum<-sapply(awx2 sign)

sum(psum)

#if the re-sampled rainfall time series has a S of zero, then the loop is broken and the bootstrap
#procedure takes place with the next commands. If the re-sampled S is not zere, then the
#procedure is repeated until the re-sampled rainfall series is zero.

cat{"the sum of psum is" sum{psum),"\n")

3
3

#the bootstrap function is called doug. The aux2 maftrix contained the nested for loop required
#in the Mann-Kendall S statistic. The bootstrap time series having an average S of zero is re-
#sampled 5000 times (B) and the 8 values for each sample is stored.

doug<-function(rain){
psum<-sapply(aux2,sign)

sum{psum) }

temp_bootstrap{aux2, doug, B = 5000, trace =T, assign.framel =T, save.indices = T)
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