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Abstract 

 
A 616-year Douglas-fir (Pseudotsuga menziesii) chronology was developed to 

examine the history of drought and moisture variability in the Sooke Watershed, near 

Victoria, British Columbia. Ring-width chronologies were compared to historical 

precipitation, air temperature and drought variables (Palmer Drought Severity Index 

(PDSI) and Standardized Precipitation Index (SPI)) to determine the climate/radial-

growth response to moisture stress on the sampled stands. Correlations between the ring-

width chronologies and climate variables revealed that May to July precipitation, May-

June SPI and July PDSI were significant limiting factors to radial-width growth. A 

transfer function was established for each of these variables to create a proxy climate 

reconstruction of drought in the watershed. The summer precipitation model provided the 

most accurate representation of past moisture variability (R2 = 0.20) and reveals 

substantial variation in precipitation over the past six centuries. Evidence from the 

periodicity of the tree-ring record to suggest that some modes of atmospheric circulation 

are influencing precipitation supply to the watershed. 
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1.0 Introduction 

To effectively assess past, present and future water-reservoir supply systems for 

climate-related vulnerability, it is important to understand the full range of natural 

variability that can affect a system during extreme wet and dry conditions. Prolonged dry 

conditions often lead to periods of drought which affects local ecosystems, economic and 

social sectors, urban water supply and the industrial sector. Knowledge of the full range 

of moisture variability is essential for early planning regarding the impacts of climate 

change and variability that could reduce future water-supply system vulnerability 

(Kolisnek, 2005). At present, the capacity to evaluate the impacts of drought in the 

southern Vancouver Island region is based on knowledge about conditions that have 

occurred during the period of instrumental record of approximately 100 years.  

Tree-ring chronologies have been established as a useful proxy for studying climate 

history (Stockton and Meko, 1975; Cook et al., 1999; Stahle et al., 2000). By analyzing 

records taken from these proxy sources, dendroclimatic research can extend our 

understanding of the natural variability of regional climate systems beyond the 

instrumental record (Stockton and Jacoby, 1976) and provide an enhanced perspective of 

climatic variation over time (Woodhouse and Lukas, 2006). Given projections for more 

extreme climatic events in the future (IPCC, 2007), it is possible that these extended 

reconstructions could provide an enhanced representation of future hydroclimatic (i.e., 

both hydrologic and climatic) variability, such as drought frequency and magnitude. This 

is particularly useful information when considering the potential impacts of climate 

change on drinking water protection for metropolitan areas. 
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The Greater Victoria Water Supply Area (referred to as the Sooke Watershed) is 

situated on the southeast corner of Vancouver Island. The area contains the Sooke Lake 

Reservoir, which provides approximately 90% of the water supply of the CRD (Capital 

Regional District, 2007). The population of Victoria in 2006 was 330,088 (Statistics 

Canada, 2006) and is projected to increase to as much as 667,000 by 2044 (Capital 

Regional District, 2003). This predicted population growth, the periodic occurrence of 

drought, and potential climate-change impacts lead to uncertainty for future water 

allocation for the CRD. Despite this, limited work has been undertaken to understand the 

nature of drought in the region during the instrumental or pre-instrumental record.  

1.1 Background 

Dendroclimatology can be defined as “the science that uses tree-rings to study 

present climate and reconstruct past climate” (Grissino-Mayer (n.d.) in Luckman, 2007, 

p. 465). Tree-ring chronologies represent the most prevalent and available archive of 

annually resolved proxy climate data (Luckman, 2007). Although tree-growth is 

influenced by many physiological and site-specific factors, often only one climatic 

variable is considered to be the limiting factor of growth and, therefore, the primary 

control of interannual variability in ring width. Relationships between environmental 

responses and tree-ring growth are usually established through empirical analysis of 

measured environmental conditions.  

Canadian studies have indicated that some tree-ring chronologies are moisture-

sensitive and are well-suited to provide proxy records of precipitation (Brinkmann, 1988; 

Case and MacDonald, 1995; Watson and Luckman, 2001) and drought (Sauchyn and 

Skinner, 2001; Watson and Luckman, 2005a; Meko, 2006; Watson and Luckman, 2006). 
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Paleoclimatic reconstructions of the last several centuries reveal that there has been 

substantial variation of natural extremes in hydroclimate that exceed those recorded in the 

current instrumental record (Stockton and Jacoby, 1976; Woodhouse, 2001; Case and 

MacDonald, 2003; Watson and Luckman, 2006). These results suggest that the droughts 

of the twentieth century have been characterized by moderate severity and short duration, 

relative to the full range of past drought variability (Woodhouse and Overpeck, 1998). 

Given the projections of more extreme climatic events in the future, these extended 

reconstructions provide a potentially enhanced representation of future variability.  

Climate investigations in the Pacific Northwest provide the opportunity to enhance 

our understanding of the impacts of variability in climate systems in coastal areas. While 

the area has been more broadly defined, for the purposes of this research, the Pacific 

Northwest consists of Oregon, Washington and British Columbia. Coastal tree-ring width 

records provide one of the best proxies for annual climate records and can extend existing 

records by centuries (Wiles et al., 1996). Local- to watershed-scale studies that quantify 

the growth-climate response can target sensitive species at small spatial scales and serve 

as indicators of trends in productivity related to environmental factors (Hessl and 

Peterson, 2004; Nakawatase and Peterson, 2006). Tree-ring studies of Douglas-fir in the 

Pacific Northwest in the Olympic (Brubaker, 1980; Shu et al., 2005; Holman and 

Peterson, 2006; Nakawatase and Peterson, 2006) and North Cascade mountains (Peterson 

and Peterson, 1994; Hessl and Peterson, 2004; Case and Peterson, 2005) have shown 

chronologies to be sensitive to climatic variability, thus making them suitable candidates 

for dendroclimatology. No tree-ring studies of drought have been completed on 

Vancouver Island although moisture variability has been examined in several cases in 
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coastal British Columbia (Zhang, 1996; Laroque and Smith, 2005) and western Canada 

(Sauchyn and Skinner, 2001; Watson and Luckman, 2005a).  

Given the potential for dendroclimatic research in the area, the Sooke Watershed 

provides an ideal setting to study past climate history because of its distinct climatic 

regime. The semi-Mediterranean climate of the region is generally mild and moist with 

few annual temperature extremes (Chilton, 2000). This is typical of a Cs climate (Köppen 

and De Long, 1958) with distinct wet and dry seasons, and mild winters.  

The hydroclimatology of the Sooke Watershed is heavily influenced by spatially 

varied amounts of precipitation as a result of physiographic factors such as distance from 

the ocean and elevation (Fairburn, 2001). The influence of orographic effects on the 

Sooke Watershed are considerable from both the Olympic Mountains in Washington and 

the Sooke Hills on southern Vancouver Island (Nord, 2004). Westerly winds move moist 

air masses eastward from the Pacific Ocean over the hills and mountains of the watershed 

producing a distinctive pattern that involves a decrease in precipitation from southwest to 

northeast (Chilton, 2000; Fairburn, 2001). The orographic effect combined with the 

elevation differences in the watershed results in highly variable precipitation (Fairburn, 

2001). 

1.2 Research Purpose 

The research presented in this thesis was initiated in response to the interest in 

extending the understanding of the natural climate variability of the Sooke Watershed 

beyond the 100-year instrumental record. The research investigates past and present 

climatic conditions through the development of a dendroclimatic proxy record of drought 

in the Sooke Watershed. The study focuses on Douglas-fir trees as previous researchers 
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have demonstrated their effectiveness in reconstructing precipitation and drought 

variables (Zhang, 1996; Laroque, 2002; Watson and Luckman, 2002).  

1.3 Research Objectives 

The research has four major objectives:  

1) To create a master chronology from increment cores of Douglas-fir trees collected 

in the Sooke Watershed; 

2) To describe and quantify the climate/radial-growth response of Douglas-fir trees 

in the study area; 

3) To reconstruct a proxy record of precipitation, Palmer Drought Severity Index 

(PDSI) and Standardized Precipitation Index (SPI) from tree-rings; and 

4) To examine temporal patterns of drought and precipitation, and their linkages to 

the major atmospheric and oceanic teleconnection indices. 

1.4 Thesis Organization 

This thesis is presented in a mixed thesis/manuscript style to best present the 

objectives of the research. The separate chapters present relevant discussions of the 

background literature to enhance the specific discussion of objectives of each chapter. 

This thesis is organized in six chapters. Following the Introduction, Chapter 2 provides 

an overview of the study area and a review of climate variability and drought. It also 

outlines several climate trends to provide background for later analysis, specifically 

related to the annual growth cycle of Douglas-fir. Chapter 3 describes the development of 

Douglas-fir chronologies from the Sooke Watershed and their amalgamation into a 

master chronology.  Chapter 4 examines the relationships between climate and radial 

growth, while Chapter 5 describes a dendrochronological reconstruction of drought from 
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the master chronology developed as part of this study. In addition, Chapters 3 to 5 present 

the relative methods, analysis and discussion pertinent to the objectives of each chapter.  

Chapter 6 summarizes the outcomes of this research.  
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2.0 Study Area 

The Sooke Watershed is located in a region that experiences considerable spatial 

and temporal climate variability. The physiography, proximity to the Pacific Ocean and 

influence of large-scale forcing mechanisms combine to place the watershed within a 

distinct hydroclimatic regime. The area represents an ideal site for dendroclimatic 

research because of its location, forest type and age, and length of meteorological 

records. This chapter reviews the physical setting, climate and large-scale controls of 

moisture availability of the Sooke Watershed.  

2.1 The Sooke Watershed 

The Sooke Watershed is situated on the southeast corner of Vancouver Island 

(Figure 2.1). The watershed is 8,613 hectares and covered primarily in mature second 

growth forest. Eighteen sub-catchments with areas greater than 3 hectares feed into the 

Sooke Lake reservoir. Rithet Creek is the largest of these catchments, occupying 225 

hectares and providing year-round flow into the reservoir. Other streams flowing into the 

lake are primarily ephemeral (AXYS Environmental Consulting Ltd. et al., 1994). The 

area is largely comprised of the Nanaimo Lowland Physiographic Region and the 

predominant tree species is Douglas-fir, although western redcedar (Thuja plicata), 

western hemlock (Tsuga heterophylla), shore pine (Pinus contorta var contorta), arbutus 

(Arbutus menziesii), grand fir (Abies grandis), red alder (Alnus rubra) and bigleaf maple 

(Acer macrophyllum) trees are also present (AXYS Environmental Consulting Ltd. et al., 

1994). 
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2.2 Biogeoclimatic Zones 

The Biogeoclimatic Ecosystem Classification was developed by the British 

Columbia Ministry of Forests and is an integrated hierarchical classification scheme that 

combines climate, vegetation and physiography to enable the stratification of a landscape 

into ecosystem map units (see Meidinger and Pojar (1991) for a complete description). 

Three biogeoclimatic zones are present on southern Vancouver Island: Coastal Douglas-

Fir (CDF), Coastal Western Hemlock (CWH) and Mountain Hemlock (MH). The CWH 

zone represents low to middle elevations along the coastal area of British Columbia 

including the west coast of Vancouver Island, which is also the wettest biogeoclimatic 

zone in the province. The zone is typified by cool summers and mild winters. 

2.3 Physiography 

The southeastern lowlands of Vancouver Island are bounded on the east by the 

Georgia Depression and on the west by the Vancouver Island Mountain Ranges. The area 

within the Sooke Basin is characterized by low-relief, rolling hills and ridges (AXYS 

Environmental Consulting Ltd. et al., 1994). There are areas of moderately steep slopes 

rising to 800 metres above sea level (masl) on the southwest side, and 600 masl on the 

southeast side. Topography and maritime effects combine to influence the coastal climate 

and ecology of the CWH zone. The major meso-climatic feature influencing the area is 

the rainshadow effect, with descending Pacific air masses drying as they move eastward 

(Jungen, 1985). 
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2.4 Climate 

The climate of the study region is a semi-Mediterranean Cs climate (Köppen and 

De Long, 1958) that is characterized by mild wet winters and warm to hot, dry summers 

(Figure 2.2). Three factors dominate the climate of the region: the Pacific Ocean, storms 

generated out of the Gulf of Alaska and the prevailing westerly winds (Heidorn, 2004). 

The winter season is characterized by a steady stream of storm systems generated in the 

Gulf of Alaska and moved into the region by prevailing westerly winds flowing out of the 

northwest region of the Pacific. The Pacific storms diminish in the spring as the North 

Pacific high pressure cell expands and pushes the jet stream farther north, thus diverting 

storms from the region. The summer months are relatively cool and dry, as a result of the 

regulating effects of cool ocean water temperatures. In autumn, the influence of the North 

Pacific high pressure cell weakens, and the polar front and jet stream move southward 

and carry storms back toward the region (Heidorn, 2004).  
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Figure 2.2: Average monthly air temperature and monthly precipitation totals (1919-
2007) from the Sooke Dam meteorological station (Source: CRD 2007). 
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During the twentieth century, the Pacific Northwest region experienced an increase 

in mean annual air temperature of 1.5˚C, a decrease in average snowpack depths of up to 

30%, and more variable seasonal precipitation with no apparent long-term trend (Mote, 

2003). During the same period and over a geographically larger study area, Zhang et al. 

(2000) found that southern British Columbia warmed between 0.5 and 1.5˚C. Changes in 

rates of air temperature and precipitation totals are shown to be greater than the global 

averages (Zhang et al., 2000). The projected annual changes in air temperature and 

precipitation will also affect the seasonal hydroclimatology of the Sooke Watershed, 

specifically with respect to the wet and dry seasons. A review of Global Climate Model 

(GCM) results from the IPCC (2001) revealed more significant rises in air temperature in 

the winter and spring, and a longer dry season due to less precipitation in the late summer 

or early fall. 

2.5 Large-Scale Controls of Moisture Availability in the Pacific Northwest 

The regional climate of the area is regulated by the proximity to the Pacific Ocean 

(Meidinger and Pojar, 1991; Chilton, 2000), which links its hydroclimatology to two 

prominent atmospheric circulation patterns: the El Niño-Southern Oscillation (ENSO) 

and the Pacific Decadal Oscillation (PDO) (Mote et al., 1999; Stahl et al., 2006; Fleming 

et al., 2007). These teleconnection patterns influence the hydroclimatology of the Sooke 

Watershed at interannual and decadal timescales through changes in sea surface 

temperatures and associated atmospheric circulation. 

There are several ways to define ENSO (Trenberth, 1997). Most commonly, it can 

be quantified using the Southern Oscillation Index (SOI), which is calculated from the 

monthly or seasonal fluctuations in the air pressure between Tahiti, French Polynesia and 
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Darwin, Australia (Trenberth, 1997). An El Niño is characterized by warmer than 

average sea surface temperatures in the eastern Tropical Pacific, and an eastward shift in 

the region of intense tropical rainfall. A La Niña is characterized by cooler than average 

sea surface temperatures along the west coast of South America, stronger easterly trade 

winds and a westward shift in the region of intense tropical rainfall (Trenberth et al., 

2002). 

The influences of ENSO on winter moisture variability across Canada have been 

studied by Shabbar et al., 1997. In most of southern Canada, the first winter following an 

El Niño is characterized by lower than normal precipitation, while the first winter 

following a La Niña is characterized by high precipitation. Specifically for the Pacific 

Northwest, the ENSO influence on climate is strongest from October to March (Mantua, 

2002). In this region, teleconnections with ENSO are manifested by variations in the 

strength and location of the Aleutian Low. During El Niño events, the Aleutian Low 

causes Pacific storms to bypass the region. As a result, El Niño winters are drier than 

average. Conversely, La Niña events are wetter than average and can weaken the 

Aleutian Low which contributes to directing Pacific storms toward the Pacific Northwest 

(Mote et al., 1999).  

The effects of ENSO have been shown to be more consistent on air temperature 

than precipitation. There is a reasonably consistent pattern for higher air temperatures in 

El Niño years, and lower in La Niña years (Fleming et al., 2007). The less consistent 

impacts of ENSO state on precipitation could be attributed to the greater sensitivity of 

precipitation to local-scale interactions between weather systems and topography 

(Fleming et al., 2007). On average, La Niñas lead to wetter and colder winters and 
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springs in the Georgia Basin, where El Niños yield generally opposite conditions.  

The PDO represents interdecadal variability in sea surface temperatures, sea level 

pressures and wind patterns over the North Pacific including the Pacific Northwest of 

North America (Mantua et al., 1997; Zhang et al., 2000). PDO regime shifts have been 

identified using tree-ring proxy records as far back as 1600 (Wiles et al., 1996; Gedalof 

and Smith, 2001; Mantua and Hare, 2002). Climatic impacts on this region include a 

persistent pattern that alternates between warm/dry and cool/moist phases roughly every 

20 to 30 years (Watson and Luckman, 2006). During warm PDO phases, the Aleutian 

Low is strengthened over the Pacific Ocean, which diverts the jet stream northward and 

outward, and results in storms bypassing the Pacific Northwest. During cool phases, the 

Aleutian Low is weakened and the jet stream directs storms towards the Pacific 

Northwest (Pohl et al., 2002).  

The PDO is related spatially and temporally to ENSO, and tropical forcing may 

dominate north Pacific variability (Mantua et al., 1997). The majority of PDO regimes in 

the twentieth century have lasted from 20 to 30 years and during which, several ENSO 

cycles initiating every 2 to 7 years can occur. Periods when the PDO and ENSO are both 

in warm phases can generate a reinforcing effect that results in a deepening of the 

Aleutian Low and associated exceptionally warm and dry winters (Mote et al., 1999; 

Trenberth et al., 2002; Stahl et al., 2006). In the Georgia Basin, it has been shown that 

wetter winter conditions have prevailed during the PDO cold phase, most significantly in 

December through January (Fleming et al., 2007) and the PDO warm phases coincide 

with periods of anomalously low precipitation in the Pacific Northwest (Mantua and 

Hare, 2002). Air temperatures have been shown to be constantly higher during warm-
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state PDO conditions, with effects lasting from January through August (Fleming et al., 

2007).  

2.6 Climate Trends and Variability in the Sooke Watershed 

Trends and variability in air temperature and precipitation over the past century are 

important indicators of climate change. Global Climate Models (GCMs) have provided a 

better understanding of past trends and potential future changes in hydroclimatic 

variables on a global scale, but the regional responses to these global changes are not as 

well understood. Knowledge of regional, historical climate variability can be used to 

better predict how the physical system could respond to future climate-change scenarios. 

An overview of the past climate conditions of the Sooke Watershed is necessary so that 

one may better understand and interpret the nature of the relationship between tree-ring 

growth and climate in the watershed on a seasonal and annual basis.  

2.6.1 Annual Overview of Precipitation and Air Temperature 

The Sooke Dam climate data stretches back to the early 1900s. Long-term air 

temperature and precipitation data for the Rithet Basin were estimated with Sooke Dam 

Meteorological Station #1017560 (48˚31’ N latitude, 123˚42’ W longitude, 173 masl) 

obtained from the CRD. Although the region is represented by more than one climate 

station, the Sooke Dam Meteorological Station was selected because of the duration of 

the record and because of its proximity to the sampled stands. Unfortunately, the 

metadata regarding these measurements are limited, and therefore require provisos on 

data quality (Werner, 2007b). Both datasets cover the period from January 1919 to 

present, with the exception of air temperature that was not measured between 1966 and 

1995. To infill the missing period, data from a number of close-proximity Environment 
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Canada Meteorological stations were employed (Werner, 2007b).  

The daily and monthly air temperature and precipitation records have been 

manipulated as part of this project to depict the information in seasonal and annual 

summaries, in order to best represent the standard climate data from the CRD in this 

overview chapter. The monthly mean air temperature was derived by taking the average 

of the monthly maximum and minimum air temperatures. Non-standard climatological 

seasons were used to best capture the seasonal trends in the growing season for Douglas-

fir (see section 4.2.1). Seasonal time series were summarized as follows:  previous year’s 

November to current year’s January (NDJ) for winter, February to April (FMA) for 

spring, May to July (MJJ) for summer and August to October (ASO) for fall. The record 

for 1919 was not used in deriving these trends because data from November and 

December 1918 were missing.  

Figures 2.3 and 2.4 depict the annual mean air temperature and total precipitation 

anomalies at the Sooke Dam Meteorological Station from 1919 to 2006. The moving-

average line indicates substantial interdecadal variability for both air temperature and mean 

total precipitation, most significantly in the period prior to 1970. Generally, annual mean 

air temperatures have been increasing throughout the past century, most notably after 1970. 

Despite the more recent trend, values in the last two decades have not been as high as they 

were from 1956 to 1966. There is a period of below-average mean air temperatures from 

1919 to 1937, from 1942 to 1955 and from 1968 to 1985.  

There are periods of sustained above- or below- average precipitation at the 

interdecadal scale. Generally, the precipitation record indicates that years of above-

average annual precipitation are followed by periods of below-average precipitation.  
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Figure 2.3 Mean annual air temperature anomalies for the Sooke Dam Meteorological 
Station. Bold curve is 5-year moving average. Anomalies are relative to the 1961-1990 
base period.  
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Figure 2.4 Mean annual total precipitation anomalies for the Sooke Dam Meteorological 
Station. Bold curve is 5-year moving average. Anomalies are relative to the 1961-1990 
base period.  
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However, the 5-year moving average lines for both air temperature and precipitation reveal 

a similar cyclical pattern. There is a period of below-average precipitation from 1919 to 

1930, and from 1940 to 1947; followed by a period of little fluctuation above average from 

1947 to 1967. Subsequent to this, there is a period of several decades of increased 

variability between above- and below-average precipitation. 

The Sooke Dam Meteorological Station air temperature and precipitation records 

seem to reflect periods of cyclicity commonly found with PDO and ENSO phases. There 

are only a few examples where El Niño or La Niña events appear to correspond to the 

instrumental climate records, yet there remains some evidence to support the possibility 

that ENSO is affecting climate variability in the study area (See Section 4.5.3). 

The instrumental precipitation record shows evidence of interdecadal regime shifts 

at 20 to 30 year intervals. The well-documented 1924, 1947 and 1977 PDO shifts 

(Mantua et al., 1997) are all apparent in the precipitation record. There are fluctuations in 

this period between years with above- and below-average annual precipitation, but the 

general cyclical pattern closely matches. While the mean annual air temperature record 

displays a corresponding pattern, the changes do not match any known regime shifts in 

the PDO. Periods of below-average air temperature were already established (i.e., 1920-

1937, 1940-1956) when the first two PDO regime shifts of the twentieth century 

occurred. Further, the period from 1970 onwards does not appear to demonstrate any 

consistent relationship between air temperatures, the PDO or with ENSO.   

 

 



18 

2.6.2 Annual and Seasonal Trends in Precipitation and Air Temperature 

Linear regression was employed to calculate trends and to illustrate the total 

average change over the period of record. Table 2.1 summarizes the average seasonal and 

annual maximum, minimum and mean air temperatures as well as the mean total 

precipitation. Trends in annual and seasonal air temperature (maximum, minimum and 

mean) and total precipitation for the Sooke Dam Meteorological stations are presented in 

Table 2.2, which provides the slope of the trendlines over the 1919 to 2006 period of 

record. See Appendix A for a full report of seasonal trends and trendlines.  

Consistent with previous findings on national historical trends (Zhang et al., 2000; 

Bonsal et al., 2001), the air temperature from the Sooke Dam Meteorological Station 

demonstrate that the study area is experiencing fewer periods of cold weather rather than 

more periods of warm weather in the winter months. This finding is indicated by the 

positive trends in annual minimum air temperatures, while the increase in annual 

maximum air temperature over the period of record was less during the NDJ and FMA 

months. These trends are significant at the 95% confidence level. However, in the MJJ 

and ASO periods, maximum air temperatures increased more rapidly than minimum air 

temperatures, which is significant considering the effect of evapotranspiration on 

moisture availability. Minimum and maximum air temperatures increased across all 

seasons, but most appreciably in the winter period. These results indicate that annual 

mean air temperature at the reservoir increased by an average of 1.4 °C over the period of  

record, which is consistent with the 1.0 to 1.5 °C range indicated by Mote (2003). 
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Table 2.1 Seasonal and annual maximum, minimum and mean air temperature (°C), and 
total precipitation (mm/year) from the Sooke Dam Meteorological Station (1920-2006).  
 
 FMAª MJJª ASOª NDJª 
Maximum Air Temperature 7.3 16.3 16.3 3.6 
Mean Air Temperature 5.0 13.6 12.8 3.1 
Minimum Air Temperature 2.9 10.8 8.8 1.5 
Mean Seasonal Precipitation 630.9 174.5 117.8 726.5 
Mean Annual Precipitation 1649.8 
Annual Mean Air Temperature 8.6 

 
ª Seasonal time series represent the following:  (previous year’s November to current year’s January 
(NDJ), February to April (FMA), May to July (MJJ) and August to October (ASO) for fall). 

 

Table 2.2 Slopes of trend lines and values for total change (Δ) in seasonal and annual 
maximum, minimum and mean air temperature (°C), and total precipitation (mm) 
determined from the linear trend line for the Sooke Dam Meteorological Station (1920-
2006). Negative values are highlighted in italics. 
 
 Slope of Trend Line Total Δ 
 FMAª MJJª ASOª NDJª FMAª MJJª ASOª NDJª 
Maximum Air 
Temperature 

0.01* 0.02* 0.02* 0.02* 1.21 1.47 1.53 1.74 

Mean Air 
Temperature 

0.02* 0.02* 0.02* 0.016* 1.50 1.37 1.39 1.36 

Minimum Air 
Temperature 

0.02* 0.01* 0.01* 0.02* 1.79 1.14 0.93 2.06 

Total 
Precipitation 

-0.21 0.05 -0.47 0.70 -18.06 4.03 -40.51 60.54 

Total Annual 
Precipitation 

0.33 28.28 

Annual Mean Air 
Temperature 

0.02* 1.39 

 
* Significant at the 0.05 level (95% significance) 
ª Seasonal time series represent the following:  (previous year’s November to current year’s January 
(NDJ), February to April (FMA), May to July (MJJ) and August to October (ASO) for fall). 
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Annual precipitation slightly increased over the period of record, however; this 

result was not statistically significant. Despite the lack of a significant long-term trend, 

the series contains substantial interannual and interdecadal variability. Of note, there was 

a decrease in the amount of FMA and ASO precipitation over the period of record. The 

greatest positive trend in precipitation occurred in the NDJ period. This finding is not 

consistent  with those of Whitfield et al. (2003) who noted increases in both fall and 

winter precipitation in the Georgia Basin from 1973 to 1993. The differences may be 

partially attributed to their use of standard hydrological seasonal groupings (i.e., OND, 

JFM, AMJ, JAJ) versus the non-standard groupings used in this study. The shorter period 

of record is also likely a factor in the discrepancy between the two studies.  

2.6.3 Drought and Drought Indices 

The previous descriptions of large-scale circulation patterns and historical climate 

variability demonstrate that the Sooke Watershed is located within an area of temporal 

climate variability. Deficiencies to the expected precipitation pattern, which can be 

intensified by anomalously high temperatures that increase evaporation, can result in 

periods of prolonged periods of abnormally dry conditions. In western Canada, the 

interrelationships between ENSO and the PDO play a significant role in the 

determination of the moisture availability. When water resources available for human and 

environmental needs are depleted to this degree, the region is considered to be 

experiencing a drought.  

For the purpose of this study, drought is defined as a significant depletion in 

moisture availability that produces prolonged soil water deficits and reduces plant growth 

(Kozlowski et al., 1991). The fluctuations in air temperature, precipitation and 
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consequent evaporation result from the influences of sea-surface temperatures and large-

scale atmospheric patterns with associated air temperature and precipitation anomalies 

over Canada (Shabbar et al., 1997; Bonsal et al., 2001; Shabbar and Skinner, 2004).  

The quantification of meteorological drought is not straightforward and, as a result, 

many indices have been developed to measure drought occurrence (Dracup et al., 1980; 

Heim, 2002; Keyantash and Dracup, 2002). For the purposes of this study, the Palmer 

Drought Severity Index (PDSI; Palmer, 1965) and the Standardized Precipitation Index 

(SPI; Guttman, 1998) will be used. These two indices were selected because they have 

been commonly used in dendroclimatic studies.  

Since 1965 the PDSI has been the most widely used. It is a monthly index of 

drought that largely reflects precipitation, but also integrates the effects of air temperature 

and local water content of the soil, as well as antecedent conditions (Palmer, 1965; 

Guttman, 1998).  While many indices are widely used by the meteorological community, 

tree-ring researchers have exclusively focused on PDSI reconstructions because it most 

closely models the water balances significant to tree growth. The spatial comparability of 

the PDSI across diverse climate regions, however,  has been questioned (Guttman, 1998) 

because it was developed from a geographically limited, dry region of the central United 

States. However, the index is preferred as it has considerable month to month persistence 

and better represents conditions over a longer time period than monthly precipitation 

alone (Watson and Luckman, 2005).  

The PDSI is intended to provide measurements of moisture conditions that are 

standardized so that comparisons using the index can be made between locations and 

between months (Palmer, 1965).  The index is based on the supply-and-demand concept 
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of the water-balance equation, which takes into account more than just the precipitation 

deficit at specific locations. Based on the inputs, all the basic terms of the water balance 

equation are represented, including evapotranspiration, soil recharge, runoff and surface 

moisture loss (Alley, 1984). Long-term drought is cumulative, so the intensity of drought 

during the current month is dependent on the current weather patterns plus the cumulative 

patterns of previous months. Mathematically, this is derived by including one third of the 

current month’s precipitation deficit and almost nine-tenths of the previous months PDSI 

value (Guttman, 1998). For this reason, the Palmer Index is most effective in calculating 

the cumulative effect of long-term drought.  

The PDSI represents a series of water-balance terms for a two-layer soil model and 

fluctuations in the hypothetical moisture supply are compared to a reference set of water- 

balance terms, depending on observed meteorological conditions (Keyantash and Dracup, 

2002). The index varies between -6.0 and +6.0 where normal conditions are shown as 

zero, drought conditions are shown in terms of negative integers, and wet conditions are 

shown in terms of positive integers. See Alley (1984) for a comprehensive discussion of 

the PDSI computation. 

In the last decade, the SPI (McKee et al., 1993) has been presented as an alternative 

to PDSI in the meteorological community because it is simple, spatially consistent and 

can be tailored to specific time periods and location of interest to the user (Guttman, 

1998). The SPI interprets observed precipitation as a standardized departure with respect 

to a precipitation probability distribution function by using historical data to compute the 

probability distribution of the monthly and seasonal (from to one-month up to 48 months) 

observed precipitation totals (Heim, 2002). The meteorological literature  recognizes SPI 
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as providing an objective method for determining drought conditions at multiple time 

scales (Dracup et al., 1980; McKee et al., 1993; Guttman, 1998; Keyantash and Dracup, 

2002) and locations. However, the incorporation of precipitation as the sole variable for 

deriving the SPI means that air temperature and consequent evaporation influences are 

not taken into account. See Guttman (1998) for a comprehensive discussion of SPI 

computation. 

2.6.4 Drought in the Sooke Watershed 

The Sooke Watershed is vulnerable to drought, despite being characterized by wet 

winter conditions (Kolisnek, 2005). Since 1916, Greater Victoria has experienced four 

periods of drought including 1928-1930, 1940-1942, 1991-1995 and 2001-2003 (Capital 

Regional District Water District, 2001; Kolisnek, 2005) during which precipitation totals 

were considered low enough to implement the Capital Regional District’s drought 

management action plan. This local definition of drought is generally referred to as a 

greater than 80% probability that the Sooke Reservoir would meet the storage capacity 

threshold. Unfortunately, a drought definition such as this, which is not based on specific 

hydroclimatic variables makes past, present and future “drought” assessments difficult. 

2.7 Summary 

The Sooke Watershed is located within an area of extreme spatial and temporal 

climate variability. The physiography, proximity of the Pacific Ocean, and influence of 

large-scale forcing mechanisms combine to make the region a distinct hydroclimatic 

regime. Trend analyses indicate that the area is becoming warmer across all seasons, 

consistent with national and regional trends. The area is experiencing increased 

precipitation in the winter, but decreased precipitation in the spring and fall seasons. 
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There is also evidence of the possible influence of PDO and ENSO events on the 

instrumental air temperature and precipitation data. The lack of a precise definition of 

drought in the Sooke Watershed is an obstacle to understanding past, present and future 

occurrences of drought. By extending the period of analysis prior to the instrumental 

record using proxy indicators such as tree-rings, a longer-term insight into the moisture 

variability of the area can be available. 
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3.0 Chronology Construction 

3.1 Introduction 

Dendrochronology is defined as the science that enables the dating and study of 

annual growth layers in wood. The annual patterns in tree-ring variations can be cross-

dated among trees that have grown in homogenous stands, allowing for the identification 

of the exact year in which each ring was formed (Fritts, 1976). Dendrochronology has the 

ability to provide long-term proxy records of air temperature, moisture availability, fire 

history, disease and insect outbreaks, and climatic disturbances. Evidence of these 

environmental factors is found in the yearly growth increments of trees because of their 

sensitivity to changes in these variables.  

Fundamental to effective dendroclimate research is careful sample site selection 

because the limiting factor to growth can vary based on microsite considerations (Fritts, 

1976; Luckman, 2007). Careful site selection can enhance the moisture signal in sampled 

trees and produce tree-ring series that are sensitive to the environmental variable being 

studied. Furthermore, it helps to ensure that the samples are not as affected by non-

climatic confounding effects such as soil type, disease, infestation and other stand 

disturbances.  

This chapter describes the general study area and the three sample sites that are 

used in this research.  It introduces the field and analytic methods, and results of the 

chronologies from the three study sites. A rationale for the creation of one master 

chronology for the study area is also provided. 
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3.2 Methods 

3.2.1 Field Methods 

3.2.1.1 Sample Collection 

Reconnaissance investigations in October 2006 and discussions with Capital 

Regional District Water Services Staff resulted in the preliminary assessment of 

candidate sample sites. From these discussions, three geographically distributed sites 

were selected for field investigation and sampling (Figure 3.1). Sites were chosen based 

on the principle that maximum response to precipitation can best be obtained by sampling 

trees on relatively well-drained, dry sites, where low soil moisture is likely to be the main 

environmental factor limiting growth (Fritts, 1976; Cook and Kairiukstis, 1990). Hence, 

stands on drier sites that are likely to experience moisture stress were specifically 

selected. The sites were also selected to capture any potential variations in tree-ring width 

that occur as a result of orographic influence in the high-elevation, northeast portion of 

the watershed (i.e. Fairburn, 2001). 

At each site, trees were sampled with the use of an 18’’ increment borer (Fritts, 

1976; Stokes and Smiley, 1996). Trees that dominated the canopy in terms of their height 

and size were selected for sampling to best target the oldest trees in the stand. Two 

increment cores per tree were extracted at breast height from a minimum of 20 trees per 

site, stored in plastic straws, labelled with site information, and transported to the 

University of Victoria Tree-Ring Lab (UVTRL) for analysis. A brief assessment of each 

site was completed according to the standards outlined in Describing Terrestrial 

Ecosystems in the Field (MOELP and MOF, 1998) and focussed on the soil and 

vegetation characteristics of each site.   
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3.2.2 Laboratory Methods 

3.2.2.1 Sample Preparation 

The samples were air-dried, mounted on slotted wooden planks, and sanded with 

progressively finer sandpaper to distinguish individual tree rings for analysis. Tree-ring widths 

were measured to the nearest 0.01 mm using a WinDENDRO (Version 2006b) digital imaging 

processing and measuring system (Guay et al., 1992). WinDENDRO automatically detects ring 

boundaries based along a measurement path manually entered by the operator. After manual 

adjustments were made to the automated ring detection, ring-width values were measured and 

saved by the program. The WinDENDRO data files were converted to Tuscon decadal format 

using the ‘Convert’ option in WinDENDRO.  

3.2.2.2 Crossdating 

Tree-ring samples were quality checked using the International Tree-Ring Data Bank 

(ITRDB) software program COFECHA (Dendrochronology Program Library described in 

Holmes, 1983). COFECHA correlates incremental sections of ring-width data with the average 

results of the full group of cores. This permits the identification of problem or missing data. 

COFECHA highlighted segments that correlated under the accepted level of significance, 

which could result from measurement error or ring anomalies. Any correlation coefficients less 

than 0.328, the measure of 99% critical correlation, were flagged by the program. Segments 

were corrected or deleted until a significant correlation existed for the entire chronology. The 

most common problems with the samples were broken pieces or small segments that could not 

be interpreted for crossdating.  
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A number of important statistics are provided by COFECHA that aid in interpreting the 

signal present in each chronology. The series intercorrelation measures the strength of the 

common signal in the chronology and is the standard measure of the reliability of the 

chronology. This value varies by series and by species. The mean sensitivity measures the 

relative change in ring-width from one year to the next in a given series (Fritts, 1976). A value 

in the range of 0.0 to 1.0 indicates the placement of the series on a scale from complacent to 

extreme changes in ring-width growth on an annual basis. The average autocorrelation 

measures the degree to which the previous years growth influences that of the current year. 

Tree-ring series are subject to autocorrelation because the physiological processes within a tree 

create a lag in response to climate and is compounded by the fact that climate anomalies often 

persist from one year to the next (NOAA Paleoclimatology Program, 2005). Autocorrelation is 

measured on a scale from 0.0 to 1.0 where 0.0 indicates no autocorrelation and 1.0 indicates 

that one year of growth fully dictates growth in the following year (Grissino-Mayer, 2001). 

3.2.2.3 Standardization 

Standardization is the removal of aging effects on tree-ring widths and their conversion to 

a time series of ring-width indices whose mean is 1.0 and variance is relatively homogenous 

through time (Fritts, 1976). This procedure ensures that the environmental growth constraints 

or limiting factors are separated from non-climatic noise, such as those produced by stand 

disturbances or age effects.  

The computer program ARSTAN was used to standardize age-related growth trends 

(Cook and Holmes, 1986). Standardizing enables tee-ring series from different sample sites to 

be compared by eliminating long-term variables that have been caused by ecological factors 

such as tree age and microsite differences (Schweingruber, 1988). All ring-width measurement 
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series were standardized using a detrending method to remove the age-dependent variation in 

ring-widths and processed into site tree-ring chronologies. A double detrending of ring widths 

was completed where a negative exponential curve was followed by a cubic smoothing spline. 

The detrended ring-index series was then averaged into the standard chronology. ARSTAN 

automatically generated both a residual and arstan chronology. The residual chronology has 

undergone autoregressive modelling to remove first-order autocorrelation. The arstan 

chronology incorporates the autocorrelation component back into the residual series, based on 

the premise that autocorrelation may be present in the climate signal.  

The ring-width series measured for each core was standardized using double detrending, 

whereby the time series was fit first to either a negative exponential curve or a linear regression 

line, according to the best fit. The resulting series was smoothed using a standard 128 year 

cubic-smoothing spline with a 50% frequency cut-off. Each series was then autoregressively 

modeled and averaged together using a biweight robust mean to obtain a mean site chronology 

(Cook and Kairiukstis, 1990).  

3.2.2.4 Chronology Correlation 

A Pearson’s r test of correlation was performed using the Statistical Package for the 

Social Sciences (SPSS; Standard Version 10.0.7) on the standardized chronologies to 

determine if any similarities were evident between the individual chronologies. This 

determines if all sites share common characteristics and climate responses and therefore could 

be combined into one master chronology for the purpose of reconstructing past drought. The 

period 1700-2006 was used as this was common to the three chronologies.  
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3.2.2.5 Expressed Population Signal 

The Expressed Population Signal (Wigley et al., 1984; Briffa and Jones, 1990) is a 

statistic that measures the degree to which the chronology approximates the theoretical 

population chronology from which it is assumed to have been drawn. This statistic is useful in 

dendrochronology because it takes into account the increasing degree of uncertainty in a 

chronology as the sample size decreases. As such, it is an effective measure of the cut-off point 

for a tree-ring series that is to be used for a dendroclimatic reconstruction. If the EPS falls 

between 0.80 and 0.85, then the chronology is regarded as sufficiently robust to allow for 

climatic reconstruction (Wigley et al., 1984). 

3.3 Results 

3.3.1 Field Results 

3.3.1.1 Site Locations 

Tree-ring samples from Douglas-fir trees were collected at three sites within the Sooke 

Watershed (Figure 3.1) during the period from February to April, 2007. Additional site 

description information was collected in July, 2007. 

3.3.1.1.1 Saddle Dam 

The Saddle Dam site (SD; 48° 31' 46" N latitude, 123° 42' 19" W longitude, 239 masl) is 

located on a rocky outcrop along the southern edge of the Sooke Reservoir (Figure 3.1). It is 

characterized by areas of shallow soil and rocky knolls along an undulating hillcrest slope. 

During February sampling, areas of shallow standing water were evident in depressions in 

several areas of the site. There is no evidence of forest harvesting, although a number of trees 

have obvious fire scars. The site is described as having a moderately dry soil moisture regime 

with a poor to medium soil nutrient regime. 
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The Saddle Dam site consists of an even-aged, mature to old growth forest with an open 

canopy, numerous standing dead trees and fallen decaying logs. Douglas-fir is the dominant 

species with a small number of arbutus and shore pine saplings present. There is a patchy shrub 

layer less than 1 m tall composed largely of salal (Gaultheria shallon), but with scattered 

occurrences of Nootka rose (Rosa nootkatensis), western juniper (Juniperis occidentalis) and 

red huckleberry (Vaccinium parvifolium). The herb layer is composed mainly of Oregon grape 

(Mahonia nervosa), sword fern (Polystichum munitum) and trailing blackberry (Rubus 

ursinus). The majority of the ground is covered by a prominent moss layer of Oregon beaked 

moss (Kindbergia oregana). 

3.3.1.1.2 Rithet West 

The Rithet West site (RW; 48° 35' 13" N latitude, 123° 44' 38" W longitude, 415 masl.) is 

located on an east-facing slope in the Rithet basin (Figure 3.1). It is situated in a middle-slope 

position with a 19% gradient and an east-facing aspect (78°). Traversing a relatively straight 

slope, it is bordered by a ravine on the southern side. The soil is well drained with a thin humus 

form. The peds are very dry and friable. As such, the site is classified to have a dry soil 

moisture regime and a poor to medium soil-nutrient regime.  

The forest at the Rithet West site represents a mixed-aged stand with a multi-story 

canopy structure. There are three co-dominant tree species present, with Douglas-fir 

dominating the oldest age structure, and western redcedar and western hemlock co-dominating 

in the understory. Several old-growth western redcedar were observed within the stand. The 

Douglas-fir present are large, mature trees. Self-thinning is evident with occasional openings in 

the canopy and corresponding deadfall on the ground. It is estimated that the three species 

account for approximately 33% of the total trees present at the site. The oldest and largest trees 
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are found in the areas immediately adjacent to a ravine. There are several standing dead trees 

and fallen decaying logs on the lower boundary of the site, above an adjacent spur road. A 

dense shrub layer is present that is approximately 1-2 m high and is comprised entirely of salal. 

No herb layer was evident in the 10 by 10 m plot used for site analysis. A widespread Oregon 

beaked moss layer covered the majority of the open ground.  

3.3.1.1.3 Rithet East 

The Rithet East site (RE; 48° 36' 6" N latitude, 123° 43' 24" W longitude, 415 masl) is 

located on a west-facing slope in the Rithet basin (Figure 3.1). It is located in a mid-slope 

position with a 29% gradient and a south-west aspect (234°). There is evidence of both 

historical forest harvesting and a talus slope is visible on the upper boundary of the site. An 

overgrown forest road cuts through the centre of the site, although no stumps or other evidence 

of forest harvesting are observed in the area. A small stream flowing partially subsurface is 

present at the lower slope position during both the April and July visits. The soil is very well 

drained with gravel, stones and cobbles distributed throughout the soil horizon. There is a 0.1 

m deep humus form (moder), and fungal mycelia were prominent throughout. The site is 

classified with a dry soil-moisture and a medium soil-nutrient regime. 

The forest at Rithet East is represented by an even-aged Douglas-fir stand with abundant 

western redcedar growing in the understory. There was no western hemlock trees were 

observed in the site, although this species is prominent at the lower boundary adjacent to the 

road. Western white pine (Pinus monticola), arbutus and bigleaf maple saplings were observed 

growing out of the talus slope at the top boundary of the site. No standing dead trees or fallen 

decaying logs were immediately evident. The 1 m-high shrub layer is comprised of salal. The 

herb layer consists of bunchberry (Cornus canadensis) with some Oregon grape.  
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3.3.2 Laboratory Results 

Tree-ring samples were analyzed in the UVTRL during the summer of 2007. All samples 

were developed into site-specific chronologies and verified using standard statistical 

techniques described in Section 3.2.2 (Briffa and Jones, 1990). The chronologies were 

compared and then organized into one master chronology for the Sooke Watershed.  

3.3.2.1 Chronology Development 

Three tree-ring chronologies were developed for the Sooke Watershed. A detailed 

summary of the chronology statistics is presented in Table 3.1. The statistics indicate that the 

tree-rings are sensitive to environmental factors. The mean sensitivity ranges from 0.17 to 0.22 

and represents the relative ease of crossdating the three chronologies. The first-order 

autocorrelation values show that ring-width growth in the previous year is significantly 

correlated with the ring-width growth of the current year. The high mean series correlation 

indicates the strength of the climate signal is common to all trees sampled at the site. These 

chronology statistics are similar to those reported by Zhang (1996) in his work at Heal Lake in 

the southern Vancouver Island area.  
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Table 3.1 Dendrochronological characteristics of chronologies developed from three sites in 
the Sooke Watershed. Acronyms are defined in text. 
 

Site SD RW RE 
Series (number) 44 41 39 
Chronology range (years) 1574-2006 1281-2006 1695-2006 
Chronology length (years) 433 726 312 
Mean series correlation 0.62 0.57 0.61 
Mean measurement (mm) 0.85 0.80 1.08 
Mean sensitivity 0.22 0.17 0.20 
Auto-correlation 0.74 0.81 0.82 
EPSa cut-off (year) 1630 1390 1775 

 

a When the EPS is in the 0.80 to 0.85 range it is deemed to be of a sufficient sample size to be 
used for climate reconstructions (Wigley et al., 1984).    

 
 
 
 

Generally, the samples from all chronologies crossdated without any major problems. 

There were no demonstrated occurrences of missing rings and the boundaries between the rings 

were well defined. The SD site had a number of cores with rot that resulted in the series being 

truncated. The RW site was the most challenging to crossdate, likely as a result of the two age 

classes within the stand; the older group dates back to as early as 1281, while the younger 

group dates to approximately 1750.   

The ages of the oldest trees sampled in the Sooke Watershed are noteworthy. The age 

distribution of trees on southern Vancouver Island is usually constrained by fires in the 

seventeenth century (Parminter, 1990; Laroque, 2002). However, 4 trees were found at the RW 

site that germinated prior to 1500 A.D. Similarly, at  the SD site, 4 trees were found that dated 

prior to 1600 A.D.  
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The chronology comparisons of standardized ring-width values are shown in Figure 3.2.  

Correlation analysis shows that the three chronologies are significantly correlated at the 99% 

significance level (Table 3.2). The correlation coefficients vary marginally in strength.  The 

strongest correlation is between the RE and SD sites (r = 0.69).  The second strongest is 

between RE and RW sites (r = 0.54).  The weakest correlation is between RW and SD (r = 

0.46). The strength of the relationship between the RE and SD sites indicates that the influence 

of climate on radial-width growth is relatively similar among the sites.  

There are two factors that could be contributing to the stronger correlation between the 

RE and SD sites. The first is the similar orographic influence at these two sites. Both these sites 

are windward of approaching Pacific storms. The RW site is the only site that is on the leeward 

side. This demonstrates that there could be an orographic influence at the three sites, although 

its impact is relatively minor. The second factor is the lower mean-series correlation that 

occurs at the RW site (Table 3.1). Stands at both the RE and SD sites had similar age classes 

between all trees, while there were two distinct age classes present at the RW site. The 

increased stand-level variation at the RW site could be contributing to a lower correlation with 

the other sites.  

Visual examination of standardized growth curves of the three chronologies, reveals 

some notable similarities and differences. The RE chronology appears to follow an 

approximately 100-year cycle of growth that closely mirrors that exhibited by the SD 

chronology. This cycle shows repeating periods of above- and below-average radial growth. Of 

note are the intervals where periods of below-average growth are followed by periods of 

above-average growth (Figure 3.3). Extreme deviations from the mean tend to vary more 

towards periods of below-average growth. Notable periods of both above- and below-average 
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growth are similar between these two chronologies, as indicated in Figure 3.2.and Figure 3.3. 

Specifically, these periods are most evident from 1725-1750, 1830-1860, and 1900-1950.  

The periods of below-average growth observed within the RE and SD chronologies are 

similarly evident in the RW chronology. However, there is more variation away from the mean 

within the RW chronology, and more occurrences of extreme growth years. Further, deviations 

from the mean tend to vary more towards periods of above-average growth. There appear to be 

significant periods of both above- and below- average growth present in the RW chronology 

that occur before the initiation of the RE and SD chronologies. 

3.3.2.2 Chronology Comparison 

The growth trends appear to follow a similar pattern, with different magnitudes of 

growth away from the mean evident among the different chronologies. However, during the 

period from approximately 1800 to 1950, the growth patterns from the RW site dramatically 

deviates from those of the RE and SD chronologies. Most notably, in the mid-nineteenth 

century, the RE and SD chronologies indicate a period of significant below-average ring-width 

growth. The corresponding decades in the RW chronology indicates a period of significant 

above-average growth. Despite the deviation in growth at the RW site, it can be concluded that 

there is a common growth pattern among the three sites across the full temporal period of the 

chronologies. 
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Table 3.2 Correlation matrix for sample sites in Sooke Watershed (1700-2006).   
 

 

*Significant at the 0.01 level (99% significance) 

Site ID REª 
RW 0.54* RWª 
SD 0.69* 0.46* SDª 

Master 0.93* 0.75* 0.89* 

  

 

 
There are a number of explanations for the opposite growth response demonstrated at the 

RW site. While growth variations differing in amplitude and magnitude are evident throughout 

the length of all the chronologies, this contrasting growth response is only evident during a 

150-year period. As such, it is likely that the trees are responding to site-specific condition that 

only affected the RW site. The RW chronology is located on the leeward side of a height of 

land, and this topographic influence should affect the growth response equally over time. 

Similarly, other variables such as slope, bedrock geology and soil type could also contribute to 

differences between sites over time. The most logical explanation for this growth discrepancy 

is based on the interspecies composition of the RW site. Of the three sites, the RW site was the 

only site with co-dominant species at various age classes. Figure 3.2 indicates that at 

approximately 1775, the sample size for the chronology increases substantially. This indicates 

that a period of Douglas-fir regeneration was occurring. Site descriptions from the RW site 

reveal that hemlock and western redcedar were dominating the understory at the site. As these 

two species were not considered within the scope of this study, their influence on the last 

several hundred years of Douglas-fir growth is unknown.  
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Despite the deviation in growth at the RW site, it can be concluded that there is a 

common growth pattern among the three sites across the full temporal period of the 

chronologies. Further, there has been no recognizable change in frequency or magnitude of the 

growth patterns over time. Based on this, the common response across the sites is likely a 

response to regional climate. This indicates that the current climate forcings that influence the 

area have likely remained constant throughout the past, as indicated by the annual ring-width 

growth curves.  

3.3.2.3 Master Chronology Creation 

Based on the strong relationships revealed through correlation analysis and based on the 

homogenous radial-growth patterns for each chronology, the three chronologies developed for 

the Sooke Watershed were averaged into one master chronology (Table 3.2). The master 

chronology was developed by averaging all yearly values from each of the standardized site 

master chronologies into one master value for each year (Figure 3.4). Based on the EPS 

statistic, the chronology was truncated at 1390 to remove the increasing degree of uncertainty 

in the chronology as the sample size decreases. As a result, the full range of the master 

chronology falls between 1390 and 2006. The chronology displays similar patterns of growth 

extremes consistent with the three individual chronologies, but has a reduced variability as a 

result of the averaging process.  
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4.0 Relationship between Tree Rings and Climate 

4.1 Introduction 

Understanding the historical growth response of Douglas-fir trees to climate in the 

Sooke Watershed provides valuable ecological information on the factors affecting 

annual radial-growth variations. Although radial growth is influenced by many 

physiological and site-specific factors, normally only one climate variable is the limiting 

factor of growth and, therefore, the primary control of interannual variability in ring 

width (Luckman, 2007).  

This chapter describes the relationship between climate and radial-growth 

characteristics of Douglas-fir trees in the Sooke Watershed. It begins with a review of 

Douglas-fir physiology and follows with an analysis of the climate/radial-growth 

relationship of Douglas-fir trees and an exploration of the relationship between 

climate/radial growth and large-scale forcing mechanisms.  

4.2 Exploration of Growth-Climate Response 

The growth-climate response of Douglas-fir in the Coastal Douglas-fir 

Biogeoclimatic Zone (see Section 2.2) can be described according to an annual cycle of 

growth. During this cycle, climate interacts with physiological processes to govern the 

magnitude of tree growth. The impacts of climate do not always directly influence radial 

growth (i.e., in the growing season), but can affect incremental growth in subsequent 

years by indirectly influencing processes occurring during dormancy. As such, it is 

important to explore the climate/radial-growth relationships to assess which climate 

parameters are important to its growth during each stage of radial growth (Laroque, 2002) 

. 
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Five physiological processes and conditions govern the growth-rate of a tree: 

photosynthesis, respiration, assimilation, translocation and internal water balance 

(Kramer and Kozlowski, 1960). Two climatic factors, precipitation and air temperature, 

control the water balance and subsequent water stress in a tree (Meko et al., 1995). The 

radial growth of drought-sensitive trees is frequently limited by low internal water-

potential, which in turn is affected by root-zone soil moisture and the rate of 

evapotranspiration to the atmosphere (Meko et al., 1995). Water availability is a function 

of climate and site conditions, thus it is important to consider all environmental factors 

related to the growth process when determining the limiting factors to ring-width growth.  

Changes in climate from large-scale forcing mechanisms (see Section 2.5) can act 

on hydroclimatic variables independently. Therefore, understanding how the variables 

interact and influence the physiological processes governing tree-growth provides insight 

of how the same trees were affected by past climate variability. At present, the direct 

relationship between climate and long-term environmental processes in the Pacific 

Northwest is poorly understood, partly because historical instrumental records are not 

sufficient to reveal the full range of climatic variability (Pohl et al., 2002). 

4.2.1 Douglas-fir Yearly Growth Cycle 

The reproductive cycle of Douglas-fir extends over 17 months from early April to 

late September of the following year (Figure 4.1; Allen and Owens, 1972). The seasonal 

growth of Douglas-fir begins with the onset of vegetative bud growth during the spring, 

in approximately mid-May at low elevations of coastal British Columbia (Allen and 

Owens, 1972). During the months of May and June, the buds differentiate into vegetative, 

pollen or seed-cone buds. At this time, earlywood is formed by the production of tracheid  
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Figure 4.1 Generalized yearly growth cycle of Douglas-fir on lower-elevation sites on 
Vancouver Island. Adapted from Laroque (2002) with termination of latewood adjusted 
for elevational differences. Bolded months represent period of significance to radial-
width growth, from astart to bend.  
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cells by the cambium. As the growing season progresses, latewood forms when the 

tracheid cells become smaller and cell walls thicken as a result of environmental stress in 

the summer months (Allen and Owens, 1972; Zhang, 1996). From July to November the 

initiation of the leaf, bract and microsporophyll occurs. By October or November, buds 

are completely formed and enter into dormancy by early December.  

Pollen development initiates in approximately March, and by April the cone buds 

burst or flower and pollination of the seed cones begin. From early April until early June, 

fertilization occurs and the seed cones begin to enlarge until early July. From August to 

September, embryo development takes place and by late September, cones have matured 

and begin to shed their seeds (Allen and Owens, 1972).  

4.2.2 Limiting Factors 

The radial-width growth of drought-sensitive trees is frequently limited by low 

internal water-potential, which is subsequently affected by root-zone soil moisture and 

the rate of evapotranspiration to the atmosphere (Meko et al., 1995). Water stress is 

usually attributed to drought, but it develops whenever water loss exceeds absorption 

long enough to cause a decrease in plant water content (Kozlowski et al., 1991). In the 

Pacific Northwest, water availability during the summer is the primary factor limiting 

tree growth due to transpiration stress from a lack of soil moisture (Brubaker, 1980; 

Robertson et al., 1990; Spittlehouse, 2003). Soil moisture conditions are also of 

importance during the winter, primarily because soil moisture feedbacks extend the 

influence of winter precipitation reductions into the summer (Cook et al., 2007). This 

indicates that water stress in the summer is amplified by a shortage of water stored in the 

soil at the beginning of the growing season (Brubaker, 1980; Spittlehouse, 2003). 
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Air temperature plays a role in determining the length of the growing season and 

thereby influencing the initiation/cessation in the radial growth response of Douglas-fir 

trees (Kramer and Kozlowski, 1960). Extreme air temperatures can affect tree growth by 

influencing the physiological processes that contribute to its radial growth rate. Further, 

the combined influence of both a reduction in summer precipitation and an increase in air 

temperature can affect the consistency and severity of drought occurrence. This effect is 

evident in the direct influence of water shortage and air temperature increases on the 

physiological processes governing tree growth, and also through their combined effects 

on potential evapotranspiration rates.   

4.3 Methods 

4.3.1 Response Function Analysis 

The computer program PRECON (PRECON: “preconditioning”, Version 5.1.) was 

used to identify the relationships between climate and radial growth (Fritts, 1998). The 

standardized master chronology created in Chapter 3 were used to calculate principal 

components of the climate data. The resultant was then compared to the tree-ring data 

using a regression analysis, yielding a response function. PRECON uses a bootstrap 

method to overcome any autocorrelation problems within tree-ring chronologies by 

testing the significance of the response coefficients.   

In this study, attention was given to three climatic factors that were known to affect 

the radial-growth of Douglas-fir trees: air temperature, precipitation and drought (Allen 

and Owens, 1972). Drought represents soil moisture availability (see Section 2.6.3) and is 

quantified in this study through the use of SPI and PDSI drought indices. Annual, 

seasonal and monthly air temperature, precipitation and drought index variables from 
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Sooke Dam Meteorological station for the current year of tree growth (18-month period 

from previous year’s May to current year’s October), the previous year of tree growth, 

and two prior years of tree growth were examined to identify how well they reflect the 

growing season and relevant lag effects (Figure 4.1). From this analysis, the most 

appropriate seasonal predictand and variable were identified for the climate 

reconstruction, the final objective of this research as detailed in Chapter 5.  

These calculations resulted in the creation of response function diagrams that 

display a series of monthly coefficients along an axis. Values lying above this axis 

indicated a positive response and those lying below show a negative relationship with 

radial-width growth and climate for particular months. The statistical output for 

PRECON response functions provides R2 values (explained variance), which identify the 

proportion of the variability in the tree-width index that is accounted for by climate, 

previous growth and total growth (the value of CL and PG combined).  

4.3.2 Relationships with Climate Data 

Associations between climate and growth were identified through correlation 

analysis between climatic variables and the master chronology. To test the results from 

the response function, July PDSI and May, June, July (MJJ) precipitation were selected 

as variables for the correlation analysis. SPI data cannot be formatted to run in PRECON 

and was therefore exclusively evaluated using correlation analysis. Exploratory 

correlation analysis determined that the strongest relationship between the master ring-

width chronology and SPI is with a 3 month grouping of May, June, July precipitation 

totals calculated by the SPI algorithm (hereby referred to as summer SPI). Summer SPI 

was included as the third climate variable in the correlation analysis.  
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Correlation analysis was also used to examine relationships between the winter 

PDO and ENSO indices, climate variables (air temperature and precipitation) and PDSI. 

Correlation analysis was also used to verify the significant relationships between ring-

width index and climate variables, PDSI and SPI. The climate variables chosen were 

selected based on the output of the response function analysis.  

Composite analysis was used to analyze the relationship between hydroclimatic 

variables, the master ring-width chronology and climate indices for the cold season PDO 

and ENSO over the period from 1900-2006. To identify possible climate/growth-related 

impacts associated with PDO and ENSO, annual ring-width growth composites were 

derived by ranking individual ring-width growth years from largest to smallest. Large-

increment growth years were defined as those that exceeded one standard deviation of the 

population, split between the two extremes. The analysis resulted in 16 above- and 

below-average growth years for the 106 years of data. A difference of means test was 

completed on the sample extremes to determine if they exhibited any significant 

differences in growth based on cold season indices of PDO or ENSO.  

4.3.2.1 Climate Data 

Two inputs are required for PRECON, the standardized tree-ring chronology and 

climate data. The master chronology derived in Chapter 3 was used in the PRECON 

analysis. This study used air temperature and precipitation data obtained the Sooke Dam 

meteorological station. Drought indices were derived from the air temperature and 

precipitation data and obtained from the Water and Climate Impacts Research Centre (W-

CIRC; Environment Canada, University of Victoria). See Section 2.6.1 and for further 

information about the climate data and derivation of drought indices used for this study. 
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4.3.2.2 Climate Indices 

For the correlation and composite analysis, climate-index data for ENSO and PDO 

were obtained and used with the standardized tree-ring chronology derived in Chapter 3. 

For the PDO, the updated Mantua et al. (1997) data set available from the Joint Institute 

for the Study of the Atmosphere and Ocean (JISAO) website  

(http://www.jisao.washington.edu/pdo/) was accessed September 10, 2007. The record 

has a continuous series of monthly values from 1900 to present. For the ENSO, the 

updated Chelliah (1990) Southern Oscillation Index (SOI) data set available from the 

JISAO website (http://jisao.washington.edu/PACS/additional_analyses/soi.html) was 

accessed September 10, 2007. The data set provides a continuous record of monthly 

values from 1866 to present.  

The Southern Oscillation Index (SOI) was used as the indicative index of the 

ENSO phenomenon and the Pacific Decadal Oscillation Index (PDII) was used as the 

indicative index of the PDO phenomenon.  The SOI defines the atmospheric component 

of the ENSO. It is based upon the observed sea level pressure (SLP) differences between 

Tahiti, French Polynesia and Darwin, Australia (NOAA/CPC, 2007).  A negative phase 

of the SOI is represented by below-normal air pressure at Tahiti and above-normal air 

pressure at Darwin (Ropelewski and Jones, 1987). A prolonged negative SOI is 

associated with abnormally warm ocean temperatures in the eastern tropical Pacific and is 

indicative of an El Niño episode, where a prolonged positive SOI is associated with 

abnormally cold ocean temperatures in the eastern tropical Pacific and is indicative of a 

La Niña episode (Ropelewski and Jones, 1987). The index summarizing the PDO is 

defined as the leading principal component of the monthly North Pacific sea surface 

http://www.jisao.washington.edu/pdo/
http://jisao.washington.edu/PACS/additional_analyses/soi.html


51 

temperature variability poleward of 20 degrees North Latitude (Mantua et al., 1997). The 

index identifies the positive and negative phases of the PDO.  

4.4 Results 

4.4.1 Response Function Analysis 

Table 4.1 illustrates the response function analyses of the master chronology 

compared to the climate data from the Sooke Dam Meteorological Station. Based on 

current understandings of the annual cycle of Douglas-fir tree growth, input variables of 

precipitation and air temperature from June of year-1 (previous year) until August of year0 

(current year) were incorporated into the model. These variables are represented on the 

X-axis of the PRECON output graph, while the Y-axis represents the values for the 

regression coefficient. The response function results of correlation coefficients from the 

climate/radial-growth relationships are displayed in Figure 4.2. 

Results from the response functions for air temperature and precipitation indicate 

that two years of prior growth are significant for radial growth in the current year (Table 

4.1).  This differs from the results of other low-elevation Douglas-fir chronologies taken 

from Heal Lake (123˚28’W longitude, 48˚32’N latitude, 126 masl), which found to have 

four years of significance (Zhang, 1996). Results indicate that current year’s climate has 

more effect on the current year’s growing conditions than the past year’s climate 

conditions. The master chronology explained that approximately 58% of the tree-ring 

variance can be represented by climate (air temperature and precipitation), with current 

years growth accounting for 38% of the explained variance and previous years growth 

accounting for 20%. 
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(a)

(b)  

 
Figure 4.2 Douglas-fir response function analysis for the Sooke Dam meteorological 
station showing (a) air temperature and precipitation signals with 2-year lag parameter 
(right) and (b) average monthly PDSI signal with a 1-year lag parameter. For (a), the x-
axis shows the months of the year beginning in June of year-1 and following to August of 
year0. For (b), the x-axis shows the months of the year beginning in August of year-1 and 
following to August of year0. The y-axis shows the regression coefficient value (R2). For 
(a), circles represent 95% significance level for precipitation variable, and squares 
represent the 95% significance level for the temperature variable. For (b), squares 
represent the 95% significance level for the PDSI variable.  
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Table 4.1 Climate / radial-growth response functions, at a 95% confidence, between 
climate data and Douglas-fir master chronology. 
 

R2 Value (b)

Climate 
Variable 

Current 
Growth 

(c)

Prior 
Growth 

(d)

Total 
(e)

Positive 
Relationship 

(95%, p<0.05) 

Negative 
Relationship 

(95%, p<0.05) 

Air 
Temperature/ 
Precipitation 

0.383 0.197 0.580 May, Jun, Jul precip 
Sept precip (P)a 

2-yr Previous growth 

Jun temp (P)a

PDSI 0.171 0.169 0.340 Jul, Aug PDSI 
1-yr Previous growth 

Apr PDSI 

 
a.  (P) indicates relationship with month in previous growth year 
b.  R2 values (explained variance) 
c.  R2 value for explained variance due to current growth (Year0) 
d. R2 value for explained variance due to prior growth (Year-1) 
e. Total = R2 value for total explained variance due to climate and previous growth 
 
 

Results indicate that low precipitation in May to July is a major factor limiting radial 

growth of Douglas-fir in the Sooke Watershed. These results are consistent with the 

findings of Zhang and Hebda (2005) at Heal Lake, British Columbia. Prior year’s 

September precipitation and June air temperature indicated a positive relationship at the 

95% significance level.  

Results from the response function for average monthly PDSI indicate that one-

year of prior growth is significant for radial growth in the current year (Figure 4.2).  The 

master chronology indicates that approximately 34% of the tree-ring variance can be 

represented by PDSI. This is consistent with the findings of Case and Petersen (2005) 

whose research in the North Cascades indicated a positive correlation (32-35%) between 

radial growth and the PDSI.  
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Table 4.2 Correlation matrix showing intercorrelations between climate variables. 
Negative values are highlighted with italics.  
 
 PDSI 

JUL 
Precip 
MJJ 

0.617** Precip 
MJJ 

SPI 
Summer 

0.609* 0.984** SPI 
Summer 

Master 
RWI 

0.372** 0.468** 0.467** Master 
RWI 

Temp 
Winter a

-0.008 0.068 0.060 0.081 Temp 
Winter a

PDO 
Winter 

-0.239* 0.015 0.009 0.077 0.234* PDO 
Winter 

SOI 
Winter 

0.215* 0.000 0.071 -0.125 -0.34* -0.456** SOI 
Winter 

 
* Significant at the 0.05 level (95% significance) 
** Significant at the 0.01 level (99% significance) 
a. Indicates average mean air temperature for the period including NDJ and FMA 

 

 
Table 4.3 Correlation results at a 95% confidence between climate variables and 
Douglas-fir master chronology. 
 

 PDSI
JUL 

Precipitation
MJJ 

SPI 
MAY

SPI 
JUL 

SPI 
JUN 

Summer
SPI1

Pearson 
Correlation 

0.328 0.468 0.220 0.281 0.314 0.467 

P-value 0.00 0.00 0.04 0.01 0.00 0.00 
 

1 Summer SPI is the 3 month calculated value for SPI based on the July and 2 prior months 
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4.4.2 Correlation Analysis  

To better understand the nature of the relationships between climate and radial 

growth, several correlations were carried out to assess the intercorrelation of the ring 

width index, hydroclimatic variables and climate indices (Table 4.2). Results from the 

correlation analysis for the climate variables and master ring-width chronology are 

outlined in Table 4.3. Winter ENSO and PDO phases since 1919 have been categorized 

in Figure 4.3. See section 2.5 for a detailed definition of ENSO and PDO.  

The results for the July PDSI and MJJ precipitation are consistent with those from 

response function analysis.  MJJ precipitation is positively correlated with July PDSI, 

summer SPI and the master ring-width index. Winter air temperature and July PDSI are 

the only variables that correlate significantly with the winter indices of PDO and ENSO. 

The master ring-width index does not correlate significantly with either of the seasonal 

climate indices. 

Although composite analysis was completed, all results were statistically 

insignificant between the composite master ring-width index and the mean cool season 

climate indices for PDO or ENSO (see Appendix B). More insightful results were found 

between PDO or ENSO and ring-width growth, it appears from a visual plot of the results 

that years of above-average radial growth (i.e., greater than 1 standard deviation) are 

associated with a negative PDO index value (Figure 4.4). Similarly, years of below-

average radial growth are associated with a positive PDO index value. A similar 

combination is not evident for ENSO results.  
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Figure 4.3 ENSO/PDO phases since 1919. Black bars represent SOI index values. 
Switches in PDO phase are shown with vertical shading. Grey shading represent negative 
phases and no shading represent positive phases. Years highlighting phase shifts are 
labelled at the top of the figure.  

 

When the results were stratified by the tree-ring index as in Figure 4.4., there is 

some periodicity evident. Some of the periodicity visible in the master chronology 

appears to correspond with the documented twentieth century phase reversals of the PDO 

(1925, 1945, 1975, 2002; Figure 4.4). However, there are no consistent patterns of below-

average growth associated with a positive PDO or above-average growth associated with 

a negative PDO. While this does not provide information on the nature of the relationship 

between radial width and PDO, it does indicate that ring-widths are providing an 

effective independent record of PDO phasing.  
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Figure 4.4 Residual master ring-width index and PDO phases (Climate Impacts Group, 
2007). Switches in PDO phase are shown with vertical shading. Grey shading represent 
negative phases and no shading represent positive phases. Black triangles represent top-
ranked PDO years and white squares represent bottom ranked PDO years. 

 
 
 

4.5 Discussion 

4.5.1 Earlywood / Latewood Formation 

An examination of earlywood and latewood growth initiation/cessation can help to 

establish the duration of the radial increment growing season in a given year (Figure 4.1). 

In this study, earlywood and latewood growth initiation/cessation was not formally 

monitored. However, samples taken from the field during the three different visits 

(February, April and June), allowed for verification of earlywood and latewood growth. 

From field observation, it appears that the radial growth processes closely followed those 

described by Allen and Owens (1972). Earlywood growth was not documented in 

February or April. By June, earlywood growth was well underway at all sites. By the end 

of June, latewood growth had been initiated at the lower elevation SD site, but not yet at 

the marginally higher elevation RW or RE sites, all consistent with Figure 4.1. 
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4.5.2 Limiting Factors on Douglas-fir Growth 

This study indicates that a positive growth relationship exists between spring and 

summer precipitation, with radial-growth influenced by enhanced soil moisture 

accumulated during this time (McMinn, 1960; Robertson et al., 1990; Zhang, 1996; 

Laroque, 2002). The positive relationship to September precipitation in the previous year 

presumably influences bud formation and preparation for dormancy in October and 

December. Abundant precipitation during this period aids in thickening of the cambial 

and tracheid cell walls, and aids in building food reserves for radial growth in the 

following year (Allen and Owens, 1972). The lack of significant winter precipitation 

signal is expected due to abundant precipitation throughout the season.  

The response function findings indicate that a negative response to air temperature 

in June of the previous year’s growth is the only significant air temperature relationship. 

This finding may be attributed to the role air temperature plays in contributing to the 

environmental stresses that limit physiological processes governing radial growth in the 

summer months. Decreased air temperature in June would lead to favourable growth 

conditions, the persistence of earlywood growth, and the delay of latewood initiation, 

leading to cumulative growth effects in the following year of growth (year 0). The lack of 

a significant relationship to summer air temperature signal in the current year of growth 

suggests that moisture availability is likely the primary limiting factor to radial growth in 

the Sooke Watershed. Although the role of air temperature in controlling water 

availability to trees is unknown, it may be that it affects water relations, where warmer air 

temperatures result in enhanced evapotranspiration.  
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This study revealed that radial growth has a weaker response to drought variables 

(PDSI, and SPI) than to the precipitation variable. For the PDSI, the effect of a drought 

depends not only on the amount of precipitation that falls, but also on the rate of soil 

water depletion by evaporation, transpiration and drainage. This result is similar to those 

of Watson and Luckman (2002) in the Canadian Cordillera, who found that correlations 

between ring width and annual or seasonal precipitation totals were better than those with 

PDSI from the same meteorological station. The results from the SPI analysis were 

essentially the same as the MJJ precipitation variable. This is to be expected given that 

SPI is an index based solely on precipitation values which, in this case, were derived 

from the same temporal period. Since there was no notable difference between the two 

variables, MJJ precipitation is preferred as it represents data that have not been 

manipulated to an index format based on a set of assumptions.  

These results indicate that MJJ precipitation is the dominant factor limiting growth 

in the Sooke Watershed. However, it is likely that the importance of antecedent soil 

moisture has not been appropriately captured by the drought indices chosen. The 

importance of soil moisture in governing the radial-growth of Douglas-fir trees in this 

area must not be overlooked. Although there is a soil moisture variable included in the 

calculation of the PDSI, its influence is not directly accounted for in the direct 

precipitation record. Although not significant, the trends in MJJ precipitation appear to 

have remained relatively constant over the past century in the Sooke Watershed (see 

Section 2.6.2), and the impact of decreased winter (NDJ and FMA) precipitation could 

have profound impacts on antecedent moisture conditions.    
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4.5.3 Large-scale Forcing Mechanisms 

The lack of significant correlations between radial-width growth and the climate 

indices suggests that radial growth is not related to interannual variability of these large-

scale forcing mechanisms. The relationship between radial growth and both the ENSO 

and PDO were insignificant, although the periodicity visible in the master chronology 

appears to correspond with documented twentieth century phase reversals of the PDO 

(1925, 1945, 1975, 2002; Figure 4.4). It is possible that the large-scale forcing 

mechanisms studied here were not reflected by annual/seasonal variations in local 

precipitation and the radial growth, and that any responses to climatic variability were 

buffered from one year to the next.  

A possible explanation for the lack of statistical relationship is that there may not 

be a significant lag between the climate indices and spring precipitation in this region. 

There is a stronger relationship between ENSO and PDO with winter climate variables. 

For example, it has been demonstrated that ENSO and PDO interact to influence winter 

air temperatures (Bonsal et al., 2001)  and summertime droughts in the central regions of 

Canada (Shabbar and Skinner, 2004). In BC however, a stronger relationship was found 

in the cool season where winters following the onset of an El Niño event are generally 

warmer and drier than normal, while La Niña winters are colder and wetter (Shabbar et 

al., 1997). As such, the large-scale forcing mechanisms are known to show weaker 

relationships with precipitation and even weaker relationships with summer precipitation.  

A final consideration is the influence of the orographic effects controlling the 

deposition of precipitation at site-specific locations in the Sooke Watershed. The stands 

subject to most orographic effects are located in the northern portion of the watershed 
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(Fairburn, 2001). They form the majority of the sample size for this work and are also 

located the greatest distance from the Sooke Dam. Therefore, the orographic controls on 

weather events in the watershed are site specific and may have greater influence than 

large-scale forcing mechanisms on the study area.  

4.6 Summary 

An examination of the climate/radial-growth relationships between the Douglas-

fir master chronology and climate variables indicated that these trees are sensitive to 

climate.  It was shown that Douglas-fir in the Sooke Watershed exhibited a 

predominantly positive correlation with MJJ precipitation, July PDSI and summer SPI 

but no relationship between ENSO or the PDO were revealed.
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5.0 Reconstruction of Past Drought  

Tree-ring series from properly selected sites have proven to be effective proxy 

indicators of drought because precipitation and evapotranspiration are key variables in 

the water balances of the tree and watersheds (Meko et al., 1995). Further, tree-rings are 

the only environmental proxy that provide annual resolution, are highly sensitive to 

changes in moisture supply, and can be exactly dated to allow yearly resolved drought 

reconstruction (Cook et al., 2007).  

In the previous chapter, the radial growth of Douglas-fir was shown to be 

significantly limited primarily by climate in the Sooke Watershed (see 4.4.1). In this 

chapter, a statistical growth-climate relationship is developed to reconstruct past 

variations in those climate variables from the tree-ring record. A review of relevant 

literature related to tree-ring reconstructions of drought is presented to place the research 

in context. Proxy drought reconstructions are evaluated to assess which results in the best 

possible account of pre-instrumental drought conditions. An examination of extreme 

events and multi-year drought is undertaken to place the last hundred years of 

instrumental record in the context of the full length of the proxy reconstruction. Finally, 

the proxy record of drought is compared to historical accounts of the past 100-years and 

to climatic events over the latter part of the last millennia. 

5.1 Tree-ring Reconstructions of Drought 

The majority of dendrochronology drought research has occurred in the western 

half of the United States (Stockton and Meko, 1975; Stahle and Cleaveland, 1988; Meko 

et al., 1995; Woodhouse and Overpeck, 1998; Woodhouse and Brown, 2001; Woodhouse 

et al., 2002; Gedalof et al., 2004; Knapp et al., 2004; Meko and Woodhouse, 2005). 
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More recently, continental-scale research based on North American gridded PDSI data 

have been presented (Cook et al., 1999; Stahle et al., 2000; Cook et al., 2007; Herweijer 

et al., 2007). This body of research has identified three multi-year drought periods (1856-

1865, 1870-1877 and 1890-1896) in the nineteenth century of similar severity and 

location to droughts experienced in the twentieth century in the United States (Goodrich, 

2007). Furthermore, a multi-decadal drought that impacted the southwestern United 

States, the sixteenth century megadrought, is believed to be the worst drought of the past 

500 years (Cook et al., 2007; Herweijer et al., 2007; Stahle et al., 2007).  

In Canada, annual precipitation reconstructions have been developed from 

moisture-sensitive Douglas-fir chronologies from sites of various elevations in the 

Canadian Cordillera (Schultz et al., 1972; Robertson et al., 1990; Watson and Luckman, 

2001). The PDSI has been reconstructed using dendroclimatology throughout the United 

States (Stockton and Meko, 1975; , 1983; Stahle and Cleaveland, 1988; Meko et al., 

1995; Cook et al., 1999; Stahle et al., 2000; Woodhouse and Lukas, 2006) and Canada 

(Sauchyn and Skinner, 2001; Watson and Luckman, 2005a; Meko, 2006; Watson and 

Luckman, 2006; Cook et al., 2007; Herweijer et al., 2007). Although the SPI has become 

a widely accepted drought index, only one SPI reconstruction has been developed using 

tree-ring chronologies in Turkey (Touchan et al., 2005). At this time, no research is 

known that examines, presents or reviews the merits of SPI and PDSI as they are applied 

to dendroclimatology. 

Paleoclimatic reconstructions of the last several centuries reveal substantial 

variation of natural extremes in hydroclimatic variables that exceed those that have 

occurred using the more recent instrumental record (Stockton and Jacoby, 1976; 
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Woodhouse, 2001; Case and MacDonald, 2003). The results of these analyses suggest 

that the droughts of the twentieth century have been characterized by moderate severity 

and short duration, relative to the full range of past drought variability (Woodhouse and 

Overpeck, 1998). Given the projections for more extreme climatic events in the future 

(IPCC, 2007), these extended reconstructions provide historical analogues for potential 

future conditions. 

Tree-ring reconstructions reveal that drought is unlikely to be singularly caused, but 

instead reflects an interaction between local-scale surface characteristics (i.e., 

physiographic) and large-scale circulation phenomena (i.e. ENSO, PDO: Knapp et al., 

2004). However, there is a great deal of discrepancy as to how large-scale circulation 

phenomenon interacts to affect different regions at different scales. It is believed that the 

persistent, large-scale droughts over North America arose as part of the response of 

global climate to La Niña-like conditions that result in warmer conditions over the 

tropical Pacific region. These La Niña –like conditions have been demonstrated to be 

drought inducing over continental North America (Cook et al., 2007).  

Herweijer et al. (2007) found that while the leading spatial mode of drought 

variability related to the North American ENSO resulted in widespread drought across 

the United States, the opposite phase was observed to occur in the Pacific Northwest. 

This phenomenon  was detected by Graumlich (1987) who found that the wet period in 

the Columbia Basin and Western Lowlands (1810-1835) was a time of drought in the 

southern United States, and the wet episode from 1850 to 1890 in the southern United 

States coincided with a drought in the Columbia Basin area. This is consistent with 

hydroclimatic research which has shown that the impacts of ENSO are opposite between 
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the Pacific Northwest and the southwest United States (Trenberth et al., 2002; Stahl et 

al., 2006; Fleming et al., 2007). Inconsistency in the research between large-scale causes 

of drought reinforces the need for further regional assessments of drought and its linkages 

to large-scale atmospheric forcings.  

For southwestern British Columbia, the warm phase of ENSO has been shown to 

lead to deficit in summer PDSI (Shabbar and Skinner, 2004). In the Pacific Northwest, 

the frequency and duration of sustained droughts have been attributed to the presence of a 

Pacific blocking high pressure off the northwest coast and over Vancouver Island (Fritts 

et al., 1979; Graumlich, 1987; Knapp et al., 2004). These droughts have been correlated 

to the PDO, most notably during a positive-phase; but have been either shown to be not 

consistently (Stahle et al., 1998; Knapp et al., 2004) or only weakly related to a specific 

ENSO mode (Pohl et al., 2002).    

5.2 Methods 

5.2.1 Transfer Function 

Transfer function analysis is the standard method for completing paleoclimatic 

reconstructions from tree-rings. A regression equation, with the climate variable as the 

predictand and the tree-ring chronologies as the predictors was used to generate a 

statistical model of the record (i.e., “the model”; Fritts, 1976). In this instance, the period 

of time common to both the master chronology and the instrumental climate data (1914 – 

2006) was split into two sections. Variables for MJJ precipitation, PDSI and SPI records 

were verified by using the first half of the climate data for model calibration (“early 

calibration”) and the second half as verification of the predicted values. The proxy record 

was verified by using the second half of the climate data for model calibration (“late 
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calibration”) and the first half as verification of the predicted values. The years 1963 – 

2006 were used to calibrate the model and the years 1919 – 1962 were used for model 

verification.  Residuals from both regression equations were examined for significant 

autocorrelation, trends or correlation with the predictor variables.  

The regression model was subsequently tested on the data for the independent 

verification period. The validation assessed the ability of the predictors to estimate past 

climate conditions by using the calibration model on data not contained in the model. The 

reconstruction was evaluated statistically to see how well it compared to the observed 

instrumental record using a standard suite of statistics (Fritts, 1976; Cook and Kairiukstis, 

1990). 

5.2.2 Model Evaluation 

Six goodness-of-fit tests were conducted on the three regression models using the 

program VFY ("Verify calibration", Dendrochronology Program Library described in 

Holmes, 1999). These tests provided further information of how well the reconstructed 

climate variables compared to the instrumental climate data. A detailed assessment of the 

employment of these statistical tests in verifying climate reconstructions can be found in 

Fritts and Guiot (1990).   

The calibration r2, measures the variance in the climate variables that is explained 

by the tree-ring chronologies over the calibration period. The verification r2 measures the 

variance in the climate variables that is in common between the actual and estimated 

climate variables in the verification period. It is calculated as the square of the Pearson 

correlation coefficient (r), which is a measure of the association between two variables. 

The reduction of error (RE) statistic compares the reconstructed values with measured 
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values by comparing the means of the two samples. The statistic ranges from a value of 

minus infinity to 1.0 and expresses the degree to which the estimates over the entire 

verification period are better than the calibration period mean of the measured data. A 

positive RE indicates that the estimates for the climate variables are better than the 

calibration period mean. A negative RE indicates that estimates of the climate variables 

are worse than the calibration period mean and generally indicates a poorly performing 

model. The sign test represents the number of times that the signs of departures from the 

sample mean agree or disagree. The statistic indicates the significance of the association 

between the two data sets if the number of agreements is larger than the number of 

disagreements (Fritts, 1976). The student’s t-statistic represents the difference between 

the mean of the calibration and verification populations. The negative first differential 

statistic is calculated by subtracting the value of each item in a series from its immediate 

successor. It represents a count of the number of times the signs of interannual rate of 

change agree or disagree. As with the sign test, the statistic indicates the significance of 

the association between the two data sets if the number of agreements is larger than the 

number of disagreements.  

5.2.3 Climate Reconstruction 

Once the model was calibrated and validated, the predictors and subsequent 

regression coefficients were used to reconstruct estimates of past climate conditions for 

the years of the tree-ring chronologies prior to the instrumental record. The predictors’ 

values were entered into the regression equation and the precipitation, PDSI and SPI 

values were calculated for each year of the tree-ring record. Reconstructed and observed 

values were visually compared to determine how well the model captured low- and high- 
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periods of moisture variability. Drought reconstruction models tend to perform better for 

drought conditions, as opposed to extreme wet values (Stockton and Meko, 1975; Stahle 

and Cleaveland, 1988; Meko et al., 1995; Stahle et al., 2000; Sauchyn and Skinner, 2001; 

Woodhouse and Brown, 2001). Reconstructed values were compared to historical proxy 

data to determine if periods of hydrometric extremes were shared between the two 

sources. 

5.2.4 Reconstruction Variables 

Three climate variables were selected: 

1. MJJ precipitation,  

2. July PDSI, and 

3. Summer SPI.  

These variables were chosen because they had the most significant relationships with 

radial growth and because they were consistent with the theoretical understanding of 

Douglas-fir physiology: 1) MJJ precipitation was highly correlated with the master ring-

width series. As such, this variable is a good candidate for creating a model where MJJ 

precipitation could be calibrated from the master tree-ring series. 2) July PDSI was also 

correlated with the master ring-width series, though not to the same degree of strength as 

the MJJ precipitation variable. Because there were no significant current growing year 

relationships between air temperature and ring-width growth, the PDSI allowed for a 

surrogate model for drought that accounted for the interactions involving water supply 

(precipitation), demand (evapotranspiration) and loss (runoff). 3) Summer SPI was 

selected based on results from basic correlation analysis (Table 4.3). For the tree-ring 

series, the master residual chronology was used in the reconstruction model. The first-
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order autocorrelation in the tree-ring chronologies was removed using ARMA modeling 

in ARSTAN in Chapter 4, which resulted in the creation of a time-series of residuals. 

5.2.5 Evaluation of Extreme Drought Years 

To best understand the relative variations at a number of scales, it is preferable to 

examine the normalized reconstructed series, rather than the absolute values. Normalized 

values (i.e., z-scores) were calculated by subtracting the mean of the reconstructed MJJ 

precipitation from the annual value, and then dividing the difference by the standard 

deviation of the reconstructed MJJ precipitation series. Return periods were calculated 

based on reconstructed MJJ precipitation values, as it was the best representation of 

drought in the Sooke Watershed. A return period is an estimate of the likelihood of a 

drought event of a certain size. The magnitudes of the annual MJJ precipitation values 

were ranked and return periods for each was calculated from the formula: 

 

    Rp = (n+1)/r                                                     [5.1] 

 

Where Rp represents the return period in years, n represents the number of years of record 

and r is the rank of the drought (i.e., 1 for the driest event). Then the drought magnitudes 

were plotted against the corresponding return period. The return period plots represent 

the 100-year interval.  
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5.2.6 Worst-case Scenario of Drought 

A worst-case scenario of drought has been previously constructed for the Sooke 

Watershed by combining the wet season with the least precipitation during this period 

and the dry season with the highest evaporation to assess the time it takes for water 

storage to fall below accessible levels (Werner, 2007a). However, the possibility of 

recurring drought seasons was unknown due to the limitations of dealing with the 

relatively short period of the instrumental record. In the most extreme case of this 

scenario with no water restrictions in place, it would take until the third dry season for the 

water level to fall below the threshold at which water in the Sooke Reservoir is 

considered to be inaccessible for consumption. In cases of persistent drought conditions 

with strict (i.e., stage three) water restrictions, Werner (2007a) would take until the fifth 

dry season for the water level to fall below threshold levels. Annual values from the 

proxy reconstruction of MJJ precipitation were split into percentiles to represent the 

distribution of wet and dry years over time. From this periods of subsequent drought 

years in the bottom percentile (i.e., driest 20% of all years) were noted as they relate to 

the dry season component of the worst-case scenario of drought.  

5.3 Results 

The results from the linear regression equations and climate model statistics are 

listed in Tables 5.1 and 5.2. Listed are the results of the six goodness-of-fit tests applied 

to each model. Statistics reported are the correlation between the validation series and the 

instrumental record (r) for both the early and late calibration time periods, the reduction 

of error (RE), student t-tests (t-value), sign-products tests and negative first differential 

tests.   
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5.3.1 MJJ Precipitation 

The MJJ precipitation reconstruction explained 20% of the variance in rainfall over 

the duration of the instrumental record (Table 5.1). This is consistent with other studies of 

spring precipitation on Vancouver Island that found that proxy precipitation explained 

between 15% (Laroque, 2002) and 57% (Zhang, 1996) of the variance in rainfall over the 

period of record. The calibration and verification periods show that the model represents 

both the significant variation in MJJ precipitation and the extreme events in the record. 

Further, the reconstruction provides an excellent representation of the variability and 

extremes that occurred during the period of instrumental data (Figure 5.1). Figure 5.2 

shows the reconstruction of MJJ precipitation from 1390 to 2006. A near-zero value (0.2 

mm) was predicted in the model in 1466 and the maximum predicted value of 77.3 mm 

occurred in 1599.  

There is a great deal of periodicity, with sustained periods of below-average 

precipitation occurring approximately every 100-120 years (Figure 5.2). Visual 

examination of the results show that both high and low frequency variations closely 

mirror the instrumental record. Sustained above-average periods were more commonly 

observed prior to the eighteenth century and did not appear to follow a significant pattern. 

These above-average (Figure 5.2) periods were noted from 1440-1450, 1500-1515, 1525-

1535, 1600-1610, 1665-1675 and 1690-1700. 
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Table 5.1 Linear regression analysis results for each of the three climate parameters 
tested based on the calibration period. 
 
Variables Reconstructed r R2 n Regression Equation* 
MJJ Precipitationa 0.45 0.20 44 y= 56.79x – 19.95 
July PDSIb 0.36 0.13 44 y= 3.41x – 3.26 
SPI 3 monthc 0.44 0.20 44 y= 3.84x – 3.78 
 

a Calibration time period = 1956 to 2006, Verification time period = 1914 to 1959 

b Calibration time period = 1919 to 1967, Verification time period = 1968 to 2006 

c Calibration time period = 1958 to 2006, Verification time period = 1919 to 1957 
* Significant at the 0.05 level (95% significance) 
 
 
Table 5.2 Results of the goodness-of-fit tests for the calibrated and verified models. 
 
Variable Correlation 

(r) 
Reduction of 
Error (RE) 

t-value test Sign-
product 

test 

Negative first 
differential test 

Calibration 
MJJ 
Precipitation 

0.45* 0.20* 0.88 13* 19 

July PDSI 0.36* 0.13* 0.56 15* 16* 
SPI 3 month 0.44* 0.19* 1.53 16* 19 

Verification 
MJJ 
Precipitation 

0.50* 0.24* 3.86* 14* 14* 

July PDSI 0.33* 0.09* 0.55 15* 18 
SPI 3 month 0.50* 0.24* 3.74* 12* 11* 
 
* Significant at the 0.05 level (95% significance) 
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Figure 5.1 Instrumental data (red) and proxy reconstruction data (black) from three 
reconstruction models based on the calibration period for the climate variables.  
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5.3.2 July PDSI 

The July PDSI reconstruction explained 13% of the variance in rainfall over the 

duration of the instrumental record (Table 5.1). The calibration and verification periods 

show that the model does not represent either the significant variation in July PDSI or the 

extreme events in the record (Table 5.1).. Figure 5.2 shows the reconstruction of July 

PDSI from 1390 to 2006.  The lowest value of –1.5 was predicted in 1466, and the 

maximum value of 1.72 was predicted in 1599. There is limited periodicity evident in the 

reconstructed record, with the majority of the predicted values falling in the range of –0.5 

to 0.5. The instrumental record of PDSI data from the period of 1919-2006 (Figure 5.1) 

has a range of -4.0 to 6.0, indicating that the model is not representing the instrumental 

data effectively. Examination of the results shows that both the higher frequency climate 

variations are reconstructed with relatively greater success than those of low frequency. 

The reconstructed record does not reflect strong enough variations in either the annual 

variations or extremes of July PDSI to adequately evaluate the reconstruction for trends 

or periodicity (Figure 5.2.). 

5.3.3 Summer SPI 

The summer SPI reconstruction explained 20% of the variance in rainfall over the 

duration of the instrumental record (Table 5.1). The calibration and verification periods 

show that the model represents both the significant variation in summer SPI and the 

extreme events in the record. As with the MJJ precipitation reconstruction, the 

reconstruction provides an excellent representation of the variability and extremes that 

occurred during the period of instrumental data (Figure 5.1.). Figure 5.2 shows the 

reconstruction of summer SPI from 1390 to 2006. Both the visual representation of the 
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reconstruction and the regression statistics indicate that the summer SPI and MJJ 

precipitation reconstructions have similar results. The visual representation demonstrates 

similar periodicity and trends to the MJJ precipitation reconstruction. For the SPI model, 

the lowest predicted value of –2.37 occurred in the model in 1466, and the maximum 

predicted value of 2.63 occurred in 1599. Similar to the MJJ precipitating reconstruction, 

the summer SPI results show that both high and low frequency climate variations are 

reconstructed very well. There is a great deal of periodicity, with sustained periods of 

below-average precipitation occurring approximately every 100-120 years.  

5.3.4 Model Evaluation 

The results derived for the three variables indicate that all three reconstructions are 

statistically significantly. Both early- and late-calibrated models produced verification 

period results that passed the majority of the goodness-of-fit tests. Both the MJJ 

precipitation and the summer SPI verification periods passed 5 of the 6 goodness-of-fit 

tests. In all cases, the t-test was not statistically significant. This can be explained by the 

highly variable precipitation over the course of the instrumental record and the 

differences between the first and latter half of the century (see Section 2.6).  The July 

PDSI verification periods passed 4 of the 6 goodness-of-fit tests, failing the t-test and the 

negative first differential test. This indicates that reconstruction is not effectively 

matching the directions of interannual fluctuations of the instrumental record.  The 

significant results of the Reduction of Error (RE) statistics for all three models (Table 

5.2) indicate that the calibration periods for all three models are reliable. A visual 

examination of the reconstructed climate variables enables further comparison between 

the reconstructions and observed data. The MJJ precipitation and summer SPI 
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reconstructions show significant correlations with the reconstructed data. The summer 

SPI model yielded very similar results to the MJJ precipitation, but there was a slight 

improvement demonstrated in the reconstruction for the MJJ precipitation (Figure 5.1). 

The July PDSI does not adequately represent the instrumental record. Despite the fact 

that the goodness-of-fit tests indicate the model results are significant, the illustration of 

the proxy reconstruction does not corroborate the statistics (Figure 5.1). Based on these 

results, it appears that there is no advantage to be gained by using either of the drought 

indices over the seasonal precipitation variable for this study.   

5.3.5 Evaluation of Extreme Drought Years 

Figure 5.3 shows the normalized MJJ precipitation anomalies from 1390 to 2006. 

The reconstructed model showed that the mean of MJJ precipitation over the period of 

record was 37 mm, the standard deviation was 7.4 mm, and the variance was 55 mm. The 

25 most extreme dry and wet years, defined through ranking of the reconstructed series, 

are listed in Table 5.3. Annual values from the reconstructed MJJ precipitation series 

have also been themed by percentile (Figure 5.4) to show a visual representation of the 

distribution of wet and dry years over time.  

Extreme years occur throughout the entire period of record. The driest year is 1466 

(12 mm of precipitation in May through July) and the wettest year is 1599 (65 mm of 

precipitation in May through July). In the 20th century, there were four years with MJJ 

precipitation in the 25 lowest-ranked years on record. The 17th century recorded the 

greatest number of lowest-ranked years (six), followed by the 15th (five), 16th (four), and 

the 14th, 17th and 19th (two). 
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Figure 5.4 Temporal distribution of moisture variability over past centuries. Percentiles 
are calculated on the basis of ranking years by proxy MJJ precipitation values. For 
example, the 20% lowest precipitation values are the 123 years in the 0 to 20th 
percentiles. 
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Table 5.3 The 25 driest and wettest years as indicated from ranks of the reconstructed 
MJJ precipitation series (1390-2006). 
 

Driest Wettest 
Rank Year SDa Rank Year SDa Rank Year SDa Rank Year SDa

1 1466 -3.37 14 1653 -1.79 1 1599 3.65 14 1524 2.05 
2 1565 -2.54 15 1399 -1.78 2 1773 3.13 15 1421 2.04 
3 1796 -2.30 16 1959 -1.78 3 1437 3.00 16 1607 2.04 
4 1534 -2.22 17 1975 -1.77 4 1482 2.94 17 1438 1.93 
5 1710 -2.21 18 1589 -1.74 5 1447 2.79 17 1528 1.93 
6 1635 -2.00 19 1594 -1.73 6 1697 0.55 18 1900 1.92 
7 1776 -1.99 20 1403 -1.72 7 1633 2.53 19 1588 1.91 
8 1416 -1.96 21 1417 -1.71 8 1942 2.51 20 1611 1.90 
9 1918 -1.95 22 1956 -1.69 9 1689 2.32 21 1473 1.81 
10 1393 -1.93 23 1828 -1.68 10 1770 2.28 22 1863 1.80 
11 1823 -1.91 24 1472 -1.67 11 1400 2.14 23 1483 1.78 
12 1728 -1.85 

 

25 1704 -1.65 12 1875 2.12 24 1793 1.76 
13 1727 25 13 25 -1.84 1787 -1.65 1566 2.11 1559 1.75 

a SD: Represents number of standard deviations units from the mean of MJJ precipitation over the 
period of record (1390-2006) 

 

The fourteenth century only had 10 years included in the reconstruction and notably two 

of them were recorded in the list of the lowest-ranked years on record. There are several 

instances of back-to-back extreme dry years, including the years 1727 and 1728, which 

are both included in the 25 lowest-ranked years on record. Also notable are the following 

series of several continuous back-to-back extreme dry years: 1513-1517, 1608-1610, 

1704-1706, 1727-1731 and 1922-1924. Variation has deviated further from average with 

the wetter extremes than the drier extremes, as evident in the number of units of standard 

deviation from the mean (Table 5.3). 
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These findings suggest that there has been substantial variation in MJJ precipitation 

over the past five centuries in the Sooke Watershed. Return period interval plots display 

information on the temporal distribution of the variation and provide a representation 

whereby a 10-year event will occur approximately once every 10 years and that a 100-

year event will occur approximately every 100 years. The log-linear plot of MJJ 

precipitation against return periods are given in Figure 5.5, which shows that a drought 

with a 100-year return period recorded 23 mm. Figure 5.6 displays the years 

corresponding to return intervals of drought from 1906 to 2006.  This demonstrates that 

the 100-year event occurred in 1918. The drought event of 1918 is noted as the 9th driest 

year during the period of the reconstruction (Table 5.3). See Appendix C for results from 

the instrumental data.  
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Figure 5.5 Return period interval plot of drought from reconstructed MJJ precipitation 
(1914-2006) in log-linear format. Ranking of events has been reversed from the 
traditional presentation of flood events to emphasize dry events.  
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Figure 5.6 Representation of return period interval of drought (1906-2006) from 
reconstructed MJJ precipitation.   

 

5.3.6 Worst-case Scenario of Drought 

The results from the extended MJJ precipitation reconstruction offer additional 

insight to the worst-case scenario of drought. The ranking of extreme drought events 

demonstrates several periods of three or four subsequent extreme dry years (Figure 5.4). 

The periods of consecutive extreme dry years does not represent the full balance of the 

scenario analysis because information on the nature of corresponding wet seasons is not 

available. However, it does indicate that in the past, there have been periods of sustained 

dry season drought that would meet the criteria for the worst-case scenario of drought 

identified by Werner (2007a). The worst-case scenario would occur during periods of 

between 3 to 5 years of sustained drought, depending on the severity of the water 

restrictions implemented by the CRD. The driest period modelled in the twentieth century 

occurred in 1918 and represents the ninth driest year on record. The ninth-place ranking 

indicates that the modern instrumental record is not capturing the full range of natural 

variability or occurrence of multi-year events revealed through the record of the proxy 

reconstruction.  
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5.4 Discussion 

5.4.1 Comparison with Historical Record 

The quality of the MJJ precipitation reconstruction in the pre-instrumental period 

can be compared to other historical information. The reconstructed MJJ precipitation 

represents some of the drought periods indicated through historical accounts (Figure 5.3). 

In the twentieth century, the CRD indicates that droughts occurred in the Victoria area in 

1928-1930, 1940-1942, 1991-1995 and 2001-2003 (Capital Regional District Water 

District, 2001; Kolisnek, 2005). The reconstruction demonstrates years of below-average 

values (Figure 5.3) that match events in 1928-1930. The periods from 1940-1942 and 

2001-2003 are not well represented by concurrent accounts in the reconstructed record, 

but the years immediately following those periods in 1943 and 2003 respectively, mark 

periods of lower-than-average precipitation. The period from 1991 to 1995 is not well 

represented in the modelled data but is evident in the actual measured data (Figure 5.1). 

The percentile divisions confirm this visual representation, with the years immediately 

following the events in 1928-30 and 1940-42 falling in the 0 to 20th percentile of growth. 

The two years following the 2001-03 fall in the 21 to 40th percentile, and the years 

following the 1991-95 event range between the 21 and 80th percentile.  

The disagreement in results may highlight reconstruction errors or may point to 

additional site-specific conditions that are not explained by climatic variation (i.e., stand 

dynamics, disturbance and physiography).  Perhaps more importantly, the historical 

drought events defined by the CRD are based on a capacity-driven definition of drought 

whereby there exists an 80% probability that the reservoir will meet the storage capacity 

threshold. This definition assumes that conditions are stationary over time. However, in 

the case of the Sooke Reservoir, conditions have not remained stationary as the reservoir 
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has been modified several times in the period of the instrumental record. The Sooke Dam 

was upgraded in 1970 and raised to 180.75 masl and the reservoir was expanded in 2002 

when it was raised to a height of 186.75 masl. This latter adjustment increased the 

holding capacity by approximately 78% (AXYS Environmental Consulting Ltd. et al., 

1994; Capital Regional District Water District, 2001). These modifications could affect 

the definition of the storage capacity threshold, depending on how the adjustments were 

implemented in the calculations. It is possible that the definition of drought years 

provided by the CRD do not adequately capture the full range of events independently of 

the adjustments to the reservoir holding capacity. 

5.4.2 Climatic Variations over Time 

Episodic cooling and warming events can be highlighted using wavelet analysis, 

which determines the dominant modes of variability and how the modes vary in strength 

and frequency over time.  Wavelet analysis was completed on the reconstructed series for 

MJJ precipitation to display the dominant modes of variability over the period of record 

(Torrence and Compo, 1998). Figure 5.7 displays the results of the wavelet analysis for 

the MJJ precipitation reconstruction data set (wavelet software provided by C. Torrence 

and G. Compo, and is available at http://atoc.colorado.edu/research/wavelets/).  
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Figure 5.7 The wavelet power spectrum of MJJ precipitation proxy reconstruction. The 
thick contour encloses regions significant at 90% confidence relative to red noise. The 
crosshatched region indicates where edge effects become significant. 
 
 
 

The wavelet analysis demonstrates that there is variability at the decadal and 

interdecadal scales throughout the length of the series. In the longer-term reconstructed 

record of MJJ precipitation (Figure 5.3), there appear to be low frequency variations on a 

100 to 150 year cycle that are highlighted in the wavelet analysis. These fluctuations are 

common in the early record, but then diminish after approximately 1850. 

The dominant modes demonstrated with this analysis are consistent with other 

studies of proxy records. Modes connected to an eight year ENSO signal, solar 

(centennial and bidecadal), lunar (bidecadal) cycles (Herweijer et al., 2007) and a 25-year 

multi-decadal PDO signal (Gedalof and Smith, 2001) have been documented in previous 

research. Both the quiescent period identified by Gedelof and Smith (2001) from 

approximately 1840 to 1930 and the period of sustained interdecadal energy around 1650 

to 1750 appears to be evident in these results.  
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5.4.3 Limitations 

The results from the MJJ proxy reconstruction for the Sooke Watershed present an 

enhanced representation of the natural variability of drought, but only for the summer 

season. As such, this research examines only one aspect of drought. Drought is ongoing 

and often extends past single seasons and into multiyear events. The decision to examine 

MJJ precipitation as a surrogate for drought was driven by the tree-ring analysis whereby 

the precipitation in the late spring was found to be the primary factor limiting growth in 

the Sooke Watershed. Further, the ability to examine the impacts of multiyear drought 

events on the radial-width growth of trees was limited by the methods used to analyze the 

climate/radial-width growth relationship.  

5.5 Summary 

Three 616-year reconstructions of MJJ precipitation, July PDSI and summer SPI 

were completed to determine the best representation of pre-instrumental moisture 

variability. MJJ precipitation was determined to represent the best indication of moisture 

variability. The 616-year MJJ precipitation reconstruction showed prolonged intervals 

above and below the historical average precipitation over the period of the reconstruction. 

This indicates that cyclical patterns of various scales are controlling patterns of moisture 

availability in the watershed.  
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6.0 Summary and Conclusions 

The research was initiated in response to the need to extend the understanding of 

the natural climate variability in the Sooke Watershed beyond the 93-year instrumental 

record. The aim of the study was to investigate past and present climatic conditions in the 

Sooke Watershed through the development of a dendroclimatic proxy record of drought.  

The first objective of this research was the creation of a master chronology from 

increment cores of Douglas-fir trees taken from three different sites in the Sooke 

Watershed. The chronology includes 63 trees and 124 cores and has an average mean 

series correlation of 0.60. Growth curve and correlation analysis revealed that the 

standardized ring-width growth from the three sites were similar to each other and could 

therefore be combined into one master chronology. The 616-year chronology was 

truncated at the year 1390 to preserve an adequate sample size for dendroclimatic 

reconstruction.  

The second objective was of the research was to describe and quantify the 

climate/radial-growth response of Douglas-fir trees in the study area. Response function 

and simple correlation analyses were completed on the master ring-width chronology and 

monthly variables of precipitation, air temperature, PDSI and SPI to determine the 

relationship between Douglas-fir radial growth and climate. The results indicated that 

radial-growth was most strongly related to MJJ precipitation (r=0.47), followed by 

summer SPI (r=0.47) and July PDSI (r=0.328). The analysis revealed that air temperature 

was not a limiting factor contributing to radial-width growth. Connections between 

radial-width growth, climate variables and large-scale forcing mechanisms were sought 

to determine if they contributed to explaining the growth trends over the period of the 



88 

instrumental record. While PDO and ENSO related to a few hydroclimatic variables, they 

did not significantly explain variations in radial-width growth. Visual analysis of the 

chronology did reflect periodicity resembling that of the PDO, but the relationship was 

not statistically significant.  

The third objective was to reconstruct a proxy record of precipitation, PDSI and 

SPI from the master ring-width chronology, MJJ precipitation was shown to be the most 

significant limiting factor from the Response Function analysis. It was, therefore, the best 

variable to represent moisture variability over the instrumental period and was used to 

construct a proxy reconstruction. The 616-year MJJ precipitation reconstruction showed 

prolonged intervals of above and below the normal precipitation patterns of moisture 

availability in the watershed.  

The final objective of the research was to examine temporal patterns of drought and 

precipitation, their linkages to the major atmospheric and oceanic teleconnection indices, 

and to determine if climate variability has changed in strength and frequency over time. 

This study revealed that there was variability at the decadal and interdecadal scales 

throughout the length of the series.  

This study demonstrated that there has been substantial variation in MJJ 

precipitation over the past five centuries in the Sooke Watershed and that years of 

extreme above- and below- average precipitation occurred throughout the entire period of 

record.  The 616-year MJJ precipitation reconstruction extends the 20th century historical 

record and offers resource managers a more complete representation of past moisture 

variation in the Sooke Watershed. Previously untested using dendroclimatic records from 

the area, this study demonstrates that ENSO and PDO have weak influences in 
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controlling moisture variability during the warm season. Despite these weak 

relationships, there is evidence from the periodicity of the tree-ring record to suggest that 

some modes of atmospheric circulation are influencing precipitation supply to the 

watershed. Further research is required to determine the nature of these controls, the role 

of smaller scale synoptic weather patterns in controlling the distribution of precipitation 

in the watershed and the role of soil moisture and evapotranspiration in controlling the 

antecedent water available to trees in the dry months of summer. It is critical to examine 

the causes of plant water deficits and the mechanisms by which water stress reduces 

growth. 

This study confirms that tree-rings provide an effective proxy for providing evidence 

about past regional climate, its relationship to large-scale climatic patterns, and the range 

of climatic variability. By extending the period of analysis prior to the instrumental 

record using proxy indicators, a longer-term insight into the seasonal, annual and decadal 

variability in moisture supply to the Sooke Watershed is available. Understanding the 

controls of that variability from proxy data provides important information for the 

development of future water-planning scenarios.   

The following recommendations are intended to guide future research activities in 

the Sooke Watershed: 

1. Further study of soil and tree physiology data could be used to test the climate/radial-

growth relationships identified in this study.  This research was limited by lack of soil 

moisture information from the sample stands.  A long-term study of the relationship 

between local soil conditions (type, depth, structure, temperature, moisture) and tree 

physiology is recommended. 
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2. Further dendroclimate work could include initiating a study of the available 10 mm 

cores that were sampled as part of this study using isotopic analysis. Further analysis 

of fluctuations in cellulose (δ13C), oxygen (18O), and/or deuterium (D) could provide 

the required information about the moisture status of the trees on an annual basis and 

provide further information about their relationship to climate.  

3. Further analysis of synoptic weather patterns on the Sooke Watershed could begin to 

determine the atmospheric background conditions that are controlling moisture 

availability and supply. Future research into the causes of the variability at the 

centennial, bidecadal and interannual scales in the Pacific Northwest region is 

needed. 
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Appendix A Annual and Seasonal Temperature and Precipitation Trends (Source: Capital Regional District Water Services) 
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Appendix B Composite Analysis Results 
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Appendix C Return Period Analysis for Instrumental Record 
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Figure C.1. Return period interval plot of drought from instrumental MJJ precipitation 
(1914-2006) in log-linear format. Ranking of events has been reversed from the 
traditional presentation of flood events to emphasize dry events. 
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Figure C.2. Representation of return period interval of drought (1906-2006) from 
instrumental MJJ precipitation.   
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