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Group Comparison, Trends and Cluster
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Introduction

In recent years, much research has been carried out regarding climate change and its

consequences. The current concentrations of greenhouse gases are already a con-

cern and several scientists predict that the average temperature of the planet can

increase between 1.8 and 4.0 �C until the end of this century, which may cause

dramatic environmental impacts (IPCC 2007; Malhi et al. 2009; Davidson

et al. 2012). According to the IPCC (2014), warming of the climate system is

unequivocal, and since the 1950s, many of the observed changes are unprecedented

over decades to millennia.

This scenario of increasing temperatures is only one facet of climate change.

Shifting in precipitation patterns (frequency and intensity) is another important

change that needs to be deeper understood. Such changes in climate may impact

ecosystems, trigger plagues and epidemics, threaten urban infrastructure, water and

energy supply, as well as agriculture, especially in regions where shortage of water

is already an issue (Knapp et al. 2002; Disch et al. 2012; Davidson et al. 2012;

Durack et al. 2012; IPCC 2014).

Understanding the nature and extent of these impacts is crucial for the determi-

nation of adaptation policies towards avoiding or diminishing the negative impacts

of climate change, as well as taking advantage of the positive impacts. However, to

understand the potential impacts and plan adequately, we first need to understand

how climate is changing.
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Climate models are useful tools to project climate change scenarios. Although

nowadays they are very comprehensive and can take into consideration several

parameters and relationships, there is still a high level of uncertainty in the studies

using these projections, especially for precipitation (Von Storch et al. 1993;

Grillakis et al. 2011; Zhang et al. 2011).

In addition, in many parts of the world, relatively long historical climate datasets

are available and little (and in many cases, none) use of this information is made

towards a better understanding of climate change impacts. The high costs associ-

ated with installation and maintenance of these monitoring stations throughout

decades could be better spent and deeper information about the dynamics of

regional and local climate change could be obtained from the datasets.

A number of studies used historical data, confirming that climate change is not

something that will happen in the future but is a current reality (Magnuson

et al. 1997; Vincent and Gullett 1999; Alexander et al. 2006; Wang and Ding

2006). These studies are good examples of how deeper information about climate

change can be obtained from real historical data. Furthermore, confidence in the

projections from climate models is higher for temperature than for other climate

elements such as precipitation; confidence is also higher at global and continental

scales than for regional and local scales (AMS 2012).

Thus, can historical data provide sufficient information about climate change in

order to understand the potential impacts and develop adaptation strategies? And,

more importantly, are the methodologies effective to provide this information? The

objective of this paper is to assess the use of cluster analysis, together with other

more traditional methodologies such as group comparison and trend analysis, to

expand knowledge about climate change on local and regional scales from histor-

ical data of precipitation.

Methodology

The methodology was based on three different approaches: (1) a general assessment

of annual totals with comparison of past and recent periods, (2) trend analysis, and

(3) the application of cluster analysis to analyse monthly and seasonal changes. The

intention was not compare these approaches, but evidence the importance of using

different approaches, instead of a single one, to assess climate changes that will

affect the water cycle and others factors regionally.

Monthly rainfall and snowfall data were obtained from the Sudbury airport

station (Canada), from January 1956 to December 2010 (55 complete years).

Data was obtained from Environment Canada (Canadian National Climate Data

and Information Archive, www.climate.weatheroffice.gc.ca) and it was subjected to

a process of quality control before becoming available. The city of Sudbury is part

of the province of Ontario and is located at 46�290N and 81�000W. The climate of

the area is classified as humid continental (Dfb according to the K€oppen-Geiger
classification).
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The 20 first years (1956–1975) and 20 last years of the dataset (1991–2010) were

selected for evaluation of annual changes. Since the annual data presented normal

distribution, the t-test was applied to compare both periods. The t-test performed a

comparison of means to determine whether the means of the two periods where

significantly different. A probability of less than a 5% error (p< 0.05) was

considered.

The Mann-Kendall test was used for trend analysis. A non-parametric test was

selected because the monthly and seasonal data did not present normal distribution

(Mann 1945; Kendall 1975). The trend estimation was performed applying the

Sen’s slope calculation (Sen 1968) and error probabilities between 0.1% and 10%

were used.

Cluster analysis was carried out to analyze changes in the distribution of rainfall

and snowfall throughout the year. The purpose was to place the objects (month-year

combinations) into groups (or clusters) suggested by the data, not defined a priori.

Thus, data was organized monthly, and each month was considered as a different

variable, thereby obtaining data from 660 month-year combinations (12 months in

55 years). Years with similar precipitation distribution were placed into the same

cluster. The cluster analysis was performed by standardizing the variables and using

the Euclidean square distance as similarity measure (Hair et al. 1998). Due to its

simplicity and computational efficiency, the Ward method was used to obtain

hierarchical clustering (Hair et al. 1998).

In hierarchical cluster techniques, the objects are progressively aggregated until

they form a single cluster. Each object begins in a cluster itself and then the closest

clusters are merged to form a new cluster that replaces the two previous clusters.

Merging of the two closest clusters is repeated until only one cluster is left (Ramos

2001; Munoz-Dı́az and Rodrigo 2004). In some studies, similar results were

obtained by applying cluster techniques and principal component analysis

(Munoz-Dı́az and Rodrigo 2004; Yin et al. 2011).

The “median year” of the objects (month-year combinations) was used as an

indicator to compare recent and past periods. All statistical procedures were carried

out with Statgraphics 15 and Makesens 1.0 softwares.

Results and Discussion

Changes in Annual Rainfall and Snowfall

The dataset suggests that annual rainfall is increasing in the Sudbury site. Even with

the expected variability of rainfall between years, an increasing trend during recent

years could be observed (Fig. 7.1). Significant statistical differences (p< 0.05) were

observed when comparing the 1956–1975 period versus the 1991–2010 period,

with average values of 608 and 680 mm/year respectively, which represents a 12%

increase in rainfall.
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Regarding snowfall, the trend was not that clear. Although a slight increase in

snowfall could be observed (Fig. 7.2), there was no statistically significant differ-

ence between the means of the two periods (p< 0.05).

Changes in Monthly and Seasonal Distribution of Rainfall
and Snowfall—Trend Analysis

Trend analysis also detected the annual changes presented in the previous section.

A significant increasing trend in rainfall (p< 0.10) was quantified by the Sen’s
slope through a rate of 1.74 mm/year and no significant trend was detected for

annual snowfall (Table 7.1).

Fig. 7.1 Annual rainfall

Fig. 7.2 Snowfall in the Sudbury site during the 1956–2010 period
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The trend analysis could be considered more comprehensive for evaluation of

annual changes than the t-test group comparison, because all years of the dataset are

included in the analysis and not only the 20 first and 20 last years. However, the

expected variability of precipitation could hinder the detection of trends, which was

not the case for the Sudbury site during the 1956–2010 period.

Changes in the distribution of precipitation throughout the year were also noted

during the studied period. It means that the annual increasing trends observed for

rainfall volumes were not uniform over the year. March and May presented

significant (p< 0.10) positive trends with Sen’s slopes of 0.28 and 0.58 mm/year

respectively. October presented a more significant (p< 0.05) positive trend and a

Sen’s slope of 0.49 mm/year. The remaining months did not present significant

trends.

Seasonally, significant increasing trends were observed in winter (p< 0.10) and

spring (p< 0.05) through Sen’s slopes of 0.32 and 1.04 mm/year respectively. The

Mann-Kendall test did not detect significant trends in rainfall during summer and

fall. Regarding snowfall, no significant trends were detected for any month or

season.

Table 7.1 Rainfall and

snowfall trends detected by

the Mann-Kendall test and

quantified by the Sen’s slope
for the Sudbury site during the

1956–2010 period

Period

Rainfall

(mm/year)

Snowfall

(cm/year)

January 0.05 ns 0.20 ns

February – 0.17 ns

March 0.28a �0.07 ns

April 0.22 ns 0.07 ns

May 0.58a –

June �0.13 ns –

July 0.13 ns –

August 0.36 ns –

September �0.18 ns –

October 0.49b –

November 0.15 ns �0.10 ns

December 0.07 ns 0.17 ns

Winter 0.32a 0.67 ns

Spring 1.04b 0.06 ns

Summer 0.08 ns –

Fall 0.35 ns �0.15 ns

Annual 1.74a 0.60 ns

ns non significant
ap< 0.10
bp< 0.05
cp< 0.01
dp< 0.001
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Changes in Monthly and Seasonal Distribution of Rainfall
and Snowfall—Cluster Analysis

For the monthly rainfall data from the Sudbury site, the cluster analysis applied

separated the 55 years into three clusters (Table 7.2). Cluster 1 consisted of years

1956, 1959, 1960, 1961, 1962, 1964, 1970, 1972, 1976, 1978, 1987, 1992, 1997 and

2010. Cluster 2 consisted of years 1957, 1958, 1963, 1965, 1966, 1967, 1968, 1969,

1971, 1973, 1974, 1975, 1977, 1979, 1981, 1982, 1984, 1985, 1986, 1989, 1990,

1991, 1994, 1998, 1999, 2000, 2001, 2002, 2003, 2004, 2005, 2006, 2007 and 2009.

Finally, cluster 3 included years 1980, 1983, 1988, 1993, 1995, 1996 and 2008.

Each cluster included similar years regarding precipitation distribution over the

year. It is important to note that the median year in Table 7.2 does not necessarily

have to be included in the years within the cluster, since it is just an indicator for

comparison between clusters representative of past and recent periods.

As the interannual variability of rainfall is often high, there were past and recent

years within the three clusters. However, cluster 1 presented a greater concentration

of earlier years (median year¼ 1971), while cluster 2 (median year¼ 1985) and

cluster 3 (median year¼ 1993) gradually corresponded to more recent years.

The separation into three clusters highlighted the temporal increase in annual

rainfall, with cluster 1 adding up to 611 mm/year; cluster 2 to 656 mm/year and

cluster 3, representing the most recent years, adding up to 701 mm/year. These

results of increased rainfall over time had been indicated by the methods applied

previously, however, through cluster analysis, changes in the seasonal distribution

of rainfall could also be observed, with little interference from the interannual

variability of the data. Thereby, the most interesting result from the cluster analysis

was the observation of changes in the distribution of rainfall throughout the year.

Increases were observed in most months, but at different scales (Table 7.2).

Decreases were observed during the months of June, July and September despite

the annual increases. Since these months belong to the rainy period of the site

(May–October), the shift may have consequences on local water and agricultural

management.

Observing these changes through the seasons, it is easier to verify the gradual

influence of climate changes on the annual variability of rainfall (Fig. 7.3). Changes

were very important during winter and spring, with increases of 309% and 65%

respectively, when comparing clusters 1 and 3. During the fall, increases were not

very important (6%), while in summer, which is the most important rainy season in

Sudbury, the 15% reduction represented a decrease of 41 mm in rainfall.

For snowfall, cluster analysis separated the 55 years into two clusters. Cluster

1 comprised years 1956, 1957, 1958, 1959, 1960, 1961, 1963, 1964, 1966, 1968,

1969, 1970, 1973, 1977, 1980, 1984, 1986, 1987, 1991, 1993, 1994, 1995, 1998,

2003, 2005, 2007 and 2010, and cluster 2 consisted of years 1962, 1965, 1967,

1971, 1972, 1974, 1975, 1976, 1978, 1979, 1981, 1982, 1983, 1985, 1988, 1989,

1990, 1992, 1996, 1997, 1999, 2000, 2001, 2002, 2004, 2006, 2008 and 2009. The

median years of the two clusters were close (1977 and 1987), implying in that the
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trends of change in snowfall distribution over the year were not as clear as for

rainfall.

Nevertheless, changes in snowfall distribution could be observed for December,

January and February, the 3 months of higher snowfall values in Sudbury. Although

the annual sum of snowfall did not change significantly, more recent years

presented lower values in December (13%), and higher values in January (38%)

and especially in February (116%), when values more than doubled (Fig. 7.4).

The application of cluster and trend analysis evidenced that the increasing

annual trends for rainfall volumes in the Sudbury area were not uniform over the

year. This annual increase was mainly in winter and spring. Decreases in summer

rainfall were detected only through cluster analysis. According to cluster analysis,

although years are currently more humid, summers are becoming drier in the

location. Previous studies have detected and/or projected changes in rainfall in

Sudbury and nearby sites (Magnuson et al. 1997; OCCIAR 2010; IEESC 2012;

Charron 2014), however, the changes in seasonality were not considered in depth.

Regarding snow precipitation, while group comparison and trend analysis did

not indicate any significant trends, cluster analysis showed clear changes for the

months of greatest snowfall (December, January and February). Reductions in

December and increases in January and February were observed. This means that

the climate of the site is changing towards later winters regarding snowfall, which

may also be related to changes in other variables (e.g., temperature).

Although it was not the focus of this study, changes in extreme events should

also be investigated. According to Folland et al. (2002), in regions where annual

rainfall has increased it is very likely that there have been even more pronounced

increases in heavy and extreme rainfall events. And the converse is also true.

Fig. 7.3 Trends of changes in rainfall distribution throughout the seasons in the Sudbury site from

1956 to 2010, represented by the three clusters discriminated by cluster analysis
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In some regions, heavy and extreme precipitation events have increased, despite the

fact that total precipitation has decreased or remained constant.

Conclusions

The methodologies used in this study demonstrated that the detection of annual

changes is only the initial step in a more comprehensive understanding of climate

change, which also includes complex seasonal and monthly changes. In many areas

of the world, the absence of detected changes or significant trends from annual data

may give a false idea of the absence of climate change in the location (e.g., snowfall

in the site of this study). However, the results presented herein indicate that the

inclusion of simple methods, such as cluster analysis, can contribute to a better

understanding of seasonal and monthly climate changes.
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Fig. 7.4 Trends of changes

in snowfall distribution

throughout December,

January and February in the

Sudbury site from 1956 to

2010, represented by the

two clusters discriminated

by cluster analysis
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