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Abstract 

Historically, the Canadian Prairies have been highly susceptible to extreme 

drought and pluvial events, resulting in economic hardship. There are strong associations 

between large-scale circulation patterns (i.e. teleconnections), such as the low frequency 

Pacific Decadal Oscillation (PDO), and higher frequency El Niño-Southern Oscillation 

(ENSO) and North Atlantic Oscillation/Arctic Oscillation (NAO/AO), and the inter-

annual to multi-decadal hydroclimatic variations over western North American.  Archives 

of the longest instrumental period of record (~100 to 150 years) are unlikely to capture 

the full range of hydroclimatic variability (50-70 years) or enable full assessment of the 

links between the large-scale circulation patterns and the regional moisture conditions.  

Multi-centennial, seasonal paleoclimatic reconstructions were derived for the 

northwestern Great Plains using tree-rings located along the eastern Rocky Mountains of 

Alberta and Montana.  The variability in these hydroclimatic reconstructions was 

explored on time scales of decadal to multi-decadal to assess the coherence between 

natural climate oscillations and the frequency, severity and duration of drought and 

excess precipitation.  The results suggest that drought events are often associated with the 

positive phase of the PDO and increased ENSO variance. The association between 

pluvial events and the phases of the PDO and ENSO are not as clearly defined as the 

drought events.     

Due to the non-stationarity of the climate system, these historical climate trends 

and climate variability cannot be projected forward. However, water managers, 

stakeholders and policy makers are concerned how anthropogenic climate change will 

alter these natural variability patterns.  Global Climate Models (GCMs) are the only 
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credible tool to derive future climate scenarios.  Scenarios of future climate change and 

hydroclimatic variability were derived using ten GCMs and three emission scenarios, 

with numerous runs, that were best able to replicate the 20
th

 Century temporal and spatial 

characteristics of the relevant teleconnection patterns and the hydroclimatic variability 

recorded in our tree-ring network.  The multi-model mean future PDO projections, for the 

early half of the 21
st
 century, show a weak shift towards more negative PDO-like 

conditions; however, the GCMs were split between those showing a shift, often 

significant, between the more negative and positive PDO-like conditions for all three 

scenarios. 

This thesis is the first to: explore the pre-instrumental relationship between 

extreme events, as identified using a paleoclimatic moisture reconstruction, and the large-

scale circulation patterns (PDO and ENSO); explicitly project the PDO as calculated by 

Empirical Orthogonal Function Analysis of North Pacific sea surface temperature 

residuals; and, develop future scenarios of variability that incorporate the PDO, ENSO 

and NAO. This complementary analysis, of inferred, instrumental and modeled 

hydroclimate change and variability, produced a long-term time series to provide 

perspective on low-frequency natural climate variability and explore the potential future 

impacts of greenhouse gas warming on the large-scale atmosphere-ocean circulation 

linked with these hydroclimate oscillations.  Risk assessments will help identify our 

vulnerability, and increase our adaptive capacity, to projected changes in water quantity 

and quality, introduction of new diseases (waterborne or airborne), insect infestations, 

shifts to fire occurrence and some of the economic concerns associated with changes and 

uncertainties to the hydroclimate.  
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Chapter One: Introduction and Literature Review 

 

Droughts and pluvials are natural, reoccurring phenomena, variable in both time 

and space. The northwestern Great Plains has been susceptible to drought events, 

particularly during the growing season of May to August when most of the annual 

precipitation is received (Bonsal and Wheaton, 2005; Cook et al., 2007).   Lack of 

precipitation is the main driver of severe meteorological drought conditions.  However, 

droughts are enhanced when they are compounded with anomalously high temperatures 

that further increase evaporation.  

Like droughts, excessive water is also highly variable across time and space, part 

of natural climate variability and a concern to water managers, particularly with expected 

shifts in the frequency and magnitude of extreme precipitation events. Many drought- and 

flood-monitoring programs throughout the world strive to understand how anthropogenic 

climate change will alter the natural climate variability.  These initiatives monitor the 

relationship between precipitation, temperature and potential evapotranspiration, and the 

overall impact on soil moisture and surface water (Keyantash & Dracup, 2002).  

Dryland areas currently subject to water shortages are at risk of increased stress 

associated with future climate change conditions. A consensus exists among most 

climatologists that the continued production of greenhouse gases (GHGs) (e.g. carbon 

dioxide, nitrous oxide, methane, water vapour), will lead to human induced climate 

change and result in changes in the frequency and intensity of climatic extremes (IPCC4, 

2007). Policymakers and stakeholders are interested in the effects of future climate 



2 
 

variability at regional and local scales, particularly extreme events (Giorgi and Mearns, 

1991).  

This thesis primarily focuses on drought but also includes pluvial events, and 

provides insight and information for water managers to help address projected shifts to 

climate trends, extreme conditions and natural variability over the northwestern Great 

Plains (Figure 1.1).   The study area primarily focuses on southern Alberta, southern 

Saskatchewan and Northern Montana. Extreme temperature variations exist between the 

winter and summer season. Mean winter minimum temperatures are     -12
o
C; mean 

summer maximum temperatures are 27
o
C.  Nearly half of the annual precipitation occurs 

during the April-August period (Environment Canada, 2012: 

http://climate.weatheroffice.gc.ca).  The agricultural regions of the study area are more 

drought-prone due to their location in the lee of the western cordillera, their distance from 

large water bodies, and high precipitation variability.  Historically, large-area, multi-year 

drought events have occurred during the 1910s, 1930s, 1980s, and from 1999-2005 

(Quiring and Papakyriakou, 2005; Chipanshi et al., 2006; Bonsal and Regier, 2007; 

Stewart et al., 2011). 

The main objective of this research was to develop future scenarios of 

hydroclimatic variability, a departure from the conventional climate model projections of 

shifts in climate normals.  This objective was achieved through three steps, each of which 

included slightly different study areas.  The first step (chapter 2) derived pre-instrumental 

moisture scenarios using tree-ring data and identified extreme climate conditions.  These 

extreme climate conditions were compared to independent reconstructions of large-scale 

circulation patterns (i.e. El Niño-Southern Oscillation, Pacific Decadal Oscillation) to 

http://climate.weatheroffice.gc.ca/
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identify relationships.  The study area for this chapter is the northwestern Great Plains 

(Figure 1.2) as defined by the spatial correlation between the tree-rings sites in southern 

Alberta and northern Montana and the summer Palmer Drought Severity Index.  The 

second step (chapter 3) used global climate models (GCMs) to develop climate change 

scenarios and their ability to capture climate variability.  The study area for this work 

focused on the South Saskatchewan River Basin (Figure 1.3) and was part of the 

Institutional Adaptations to Climate Change (IACC) project.  The final step (chapter 4) 

identified GCMs that produced the reasonable large-scale, observed spatial and temporal, 

patterns of the Pacific Decadal Oscillation (PDO), the El Niño-Southern Oscillation 

(ENSO) and the Artic Oscillation/North Atlantic Oscillation patterns (AO/NAO).  This 

chapter spans the northwestern North America region, where winter precipitation is 

significantly associated with the winter PDO phase (Figure 1.4).   Although, each chapter 

focused on slightly different study regions, the northwestern Great Plains region is 

common throughout each step as shown in Figure 1.1. 

This thesis is presented in a paper style format.  The Introduction presents a 

summary of three steps, associated with Chapters 2-4, used to achieve the overall goal of 

this work, and provide continuity between the chapters.  Each step includes a brief 

literature review, including recent research material not included in the accompanying 

chapter.   

 

Step 1 (Chapter 2): 

The first step explored multi-centennial, high-resolution paleoclimate (tree-ring) data 

to examine climate cycle variability at time scales (decadal to multi-decadal) that exceed the 

length of most instrumental records (~100 to 150 years). This scale of variability is significant in 
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terms of our understanding of the regional climate and detection of the impacts of climate change 

on climate trends, variability and hydroclimatic extremes, specifically drought. These tree-ring 

records of inferred prairie moisture (hydroclimate) were also explored to assess the coherence 

between natural large-scale climate drivers and the frequency, severity and duration of drought 

and excess precipitation.  

A teleconnection pattern is “a recurring and persistent, large-scale pattern of 

pressure and circulation anomalies that spans vast geographical areas” (NOAA, 2007). 

The natural climate variability of a region reflects the complex interactions between an 

external forcing, large-scale atmosphere and ocean circulation patterns (i.e. 

teleconnections), and a range of environmental feedbacks.  Many extreme hydroclimatic 

events in western North America during the 20
th

 century are linked to the large-scale 

coupled oscillations, primarily the El Niño-Southern Oscillation (ENSO) and the Pacific 

Decadal Oscillation (PDO), and to a lesser degree the North Atlantic Oscillation/Arctic 

Oscillation (NAO/AO) (Mantua and Hare, 2002; MacDonald and Case, 2005; Bonsal et 

al., 2006; Nyenzi & Lefale, 2006).  These modes, which fluctuate at the inter-annual to 

multi-decadal timescales, have resulted in extreme droughts, large floods and caused 

severe damage and economic hardship (Wheaton et al., 2005; Garnett et al., 2006; Gan et 

al., 2007; Bonsal et al., 2011).   Therefore, in this study, both extensive droughts and wet 

periods were analyzed, however, with the primary focus on droughts.    

Future anthropogenic climate changes will be superimposed on existing natural 

variability and potentially alter the patterns. To fully understand and project future 

climate scenarios of variability and trends, it is crucial that we understand both the spatial 

and temporal patterns of climate change over the past several centuries associated with 

large-scale circulation patterns (Mann et al., 1998).  Ideally to confidently evaluate 
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natural climate variability we would use high-quality climate data that spans a 

sufficiently long period. However, high-quality climate data is available for a relatively 

short historical period, originating in the late 1800’s for very few locations, with 

incomplete spatial coverage of western North America.   

Many drivers of hydroclimatic variation have a periodicity that approaches or 

exceeds the length of instrumental records (Minobe, 1997; 1999; Mantua and Hare, 

2002).   Therefore, better estimates of the full range of that variability are required, 

particularly the low-frequency variability, and are only available through proxy records 

(Watson and Luckman, 2006).  Paleoclimatic proxy records are tools to help distinguish 

anthropogenic climate change signals from “natural” climate fluctuations, help guide 

expectations for future climate and provide estimations of the probability of future 

recurrences of past climate episodes (LaMarche, 1978; Briffa et al., 1996).  

Reconstructions of the past climate provide evidence of the magnitude, frequency, 

duration and the spatial patterns of hydroclimate variability, to compare with changes in 

the 20
th

 century and those projected into the future (Jones et al., 1998).  

Dendroclimatology is “science that uses tree-rings to study present climate and 

reconstruct the past climate” (Grissino-Mayer, 2007).  Tree-rings are the source of both 

hydroclimatic information and a chronology with potentially absolute annual resolution 

(Hughes, 2002).  They are a preferred proxy for reconstructing climate that spans 

centuries to millennia, and are able to provide information about streamflow, seasonal 

and annual precipitation, seasonal mean temperatures, and soil moisture conditions.   

Ring widths are affected by climate, as well as the tree’s age, height, site-specific 

characteristics and site productivity (Fritts, 1976). Standardization techniques remove the 
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overall growth trend associated with age, or other factors, and part of the variance at very 

low frequencies that approach the length of the tree-ring core segments, to create a tree-

ring measurement series (Fritts, 1976; Grissino-Mayer et al., 1992).  If the statistical 

measures are adequately considered, and the calibration and verification are performed 

using sound data, then a robust climate reconstruction, using the standardized proxy, is 

derived through the principle of uniformitarianism: “the present is the key to past” 

(Hughes, 2002).   

 Tree growth is subject to its most limiting factor, typically the availability of 

either water or heat.  Therefore, narrow tree-rings record deficits, such as droughts or 

cold temperatures, more clearly than surplus. This limitation results in tree-ring proxy 

climate reconstructions unable to capture the full range of variance for the chosen site. 

Rarely is more than 60% of the variance captured, with 40 to 50% being the more 

common level of calibrated variance (Sauchyn and Beaudoin, 1998; Collins et al., 2002; 

Hughes, 2002; St. George and Nielsen, 2002; Watson and Luckman, 2005).  This limiting 

factor is best overcome by studying a network of the same type of climate sensitive trees 

(e.g. moisture-sensitive trees) at large scales (Peterson and Peterson, 2001; Gray et al., 

2006). This increases the confidence that the dominant climate signal is captured and 

reconstructed.    

Another limitation of tree-ring inferred climate reconstructions is their 

dependence on the season of growth; in the mid-latitudes the short growing season from 

spring to late summer.  Therefore, greater confidence is placed in their ability to 

reconstruct this season’s climate, which is not always the specific season of interest.  

However, recent research using isotropic analysis of prairie lakes does suggest the 
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importance of the winter climate and its association with atmosphere-ocean 

teleconnections (precipitation and temperature) and spring runoff of winter precipitation, 

to sustain aquatic ecosystems (Pham et al., 2009).  I therefore anticipated a winter climate 

signal would be present, including variability (e.g. PDO, ENSO) in the tree-ring 

reconstructions, at least in terms of early season growth response to the infiltration of 

snowmelt water. 

Despite these limitations, tree-rings have been used successfully to study the 

inter-annual to multi-decadal natural climate variability associated with large-scale 

circulation patterns (Woodhouse, 1997; Gedalof and Smith, 2001; Hughes, 2002; Mantua 

and Hare, 2002; Case and MacDonald, 2003; MacDonald and Case, 2005; Axelson et al., 

2009; St. George et al., 2009). Tree-ring data for the South Saskatchewan River Basin 

(SSRB) highlights several wet and dry periods that were more extreme than those 

observed during the instrumental record, far worse than the drought of the ‘dirty thirties’ 

(Sauchyn and Beaudoin, 1998; Case and MacDonald, 2003; Axelson et al., 2009; St. 

George et al., 2009).   

To accomplish the first step towards my goal, I examined the relationships 

between the re-occurring large-scale climate oscillations and the pre-instrumental proxy 

inferred regional climate using tree-ring data from sites along the eastern slopes of the 

Rocky Mountains of southern Alberta and northern Montana, collected by the University 

of Regina Tree-Ring laboratory. The sampled trees were growing on dry sites (south- and 

west-facing slopes, sandy soils, and ridge crests), where there is a strong correlation 

between the moisture-sensitive tree-ring chronologies and the regional hydroclimatic 

variability, predominantly soil moisture and precipitation.   
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To derive a credible hydroclimatic reconstruction, and overcome any limitations 

of tree-ring proxy data, I used a large spatial network of tree-rings and the most up-to-

date gridded climate dataset for the calibration/verification period (McKenney et al., 

2006).  Using this network of tree-rings, I reconstructed 600 years of Palmer Drought 

Severity Index (PDSI) over the northwestern Great Plains, primarily southern Alberta and 

northern Montana, as described in Chapter 2.   

The PDSI incorporates both temperature and precipitation data to calculate 

moisture availability conditions, which are important when assessing past and future 

drought (Bonsal and Regier, 2007).  It is a standard, monthly index of moisture, and 

drought severity, commonly used in paleoclimate and climate change research (Bonsal 

and Regier, 2007; Cook et al., 2007).  The use of the PDSI in this research enabled 

comparison to other studies. PDSI is derived by including one third of the current 

month‘s precipitation deficit (surplus) and almost nine-tenths of the previous month‘s 

value (Guttman, 1998). Significant correlations were found between the average summer 

PDSI and annual tree-ring growth at sites along the eastern slopes of the Rocky 

Mountains, partly due to the influence of winter climate on both.  Using a large study 

area also allowed for the climate variability to be characterized at the both regional- and 

local-scales. 

I then examined this long reconstruction for information about the severity, 

intensity, and duration of negative (dry) and positive (wet) summer (June-July-August) 

moisture anomalies. It was also compared to a number of independent proxy data sets to 

explore the pre-instrumental relationship between the large-scale circulation patterns and 

the moisture conditions.  An annual mean summer temperature reconstruction (Luckman 
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and Wilson, 2005), spanning 950-1994 AD, was the basis for categorizing warm/cold and 

dry/wet periods.  Independent reconstructions of the PDO and ENSO (MacDonald and 

Case, 2005; Verdon and Franks, 2006; Cook et al., 2008) were used to identify the 

dominant large-scale circulation patterns associated with the extreme moisture periods.   

 

Step 2 (Chapter 3): 

Chapter 2 explored the association between the pre-instrumental hydroclimatic 

variability of the study region, and the large-scale circulation patterns using various 

independent proxy data.   The second step, to achieve the overall goal of developing 

future scenarios of hydroclimatic variability, was to identify the available tools and 

techniques to develop future climate scenarios.   

For this step, I used output from coupled atmosphere-ocean global climate models 

(AOGCMs) (i.e., general circulation models or global climate models; herein referred to 

as GCMs) to derive future climate change scenarios of precipitation and temperature and 

begin exploring projections of hydroclimatic variability.  GCMs simulate the large-scale 

global circulation of the atmosphere and oceans, through mathematical equations that 

represent various climatic processes. They are the most sophisticated tools to derive 

climate scenarios, and investigate the role of various climate forcing mechanisms through 

simulations of the past and future climate conditions in response to changes in 

greenhouse gas (GHG) concentrations.  GCMs allow for the interpretation of potential 

impacts of climate change on the ecosystems, soil landscapes and water resources; 

therefore, they were used in this study to develop scenarios of future climate conditions. 
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GCMs represent the earth’s climate on a three-dimension grid.  They incorporate 

the complex physical laws and attempt to accurately represent the spatial and temporal 

interactions between the ocean/atmosphere/sea-ice/land-surface components (i.e. 

teleconnections and feedbacks) inherent to the global system (Smith and Hulme, 1998; 

Lambert and Boar, 2001).   Realistic model processes are derived from scientific laws, 

such as the conservation of mass, energy and momentum, empirical data, atmospheric 

chemistry, and from observations that describe the earth’s radiation budget and the 

operation of the water cycle (Hengeveld, 2000).  

 Coupled AOGCMs are comprised of distinct models that divide the earth into 

individual grid boxes to represent the ocean, land, and atmosphere. Atmospheric models 

describe the temperature, pressure, relative humidity, wind, and water and ice condensate 

in clouds within each layer and neighbouring grid cell. Ocean models are more complex 

than the atmosphere component, and account for currents, salinities and temperatures, 

continents, enclosed basins and narrow straits (Bader, 2008). The land model captures the 

surface processes such as soil layers, vegetation, topography, and hydrology.  The latest 

suite of GCMs attempt to account for all factors that influence climate by including a 

realistic geography with interactive clouds, terrestrial vegetation and hydrology, polar 

sea-ice, and some dynamic or thermodynamic interaction with the ocean surface (Randall 

et al., 2007).   

More than a dozen scientific modeling centres worldwide developed and ran 

GCMs as part of the Intergovernmental Panel on Climate Change (IPCC) Fourth 

Assessment Report (AR4) (IPCC4, 2007).  Each modeling centre derives their GCM(s) 

using the same set of primitive dynamical equations, however typically using different 
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spatial resolutions and grid configurations that require different algorithms to solve these 

equations.  These models demonstrate an increased precision that represents important 

mean climate features, such as the large-scale distribution of atmospheric temperature, 

precipitation, radiation, wind and oceanic temperatures, currents, and sea-ice cover 

(Randall et al., 2007).  

However, even as advanced as these GCMs are they are still limited by computer 

capabilities, spatial and temporal resolutions and an incomplete scientific understanding 

of the climate system processes and interactions among the various atmospheric, land 

surface, oceanic, and ice components, particularly at finer spatial scales (McGuffie and 

Henderson-Sellers, 2005).  These limitations reduce their simulations to a coarse 

resolution which results in the complex climate interactions being resolved through 

parameterization, most often at the subgrid-scale (Emanuel, 1994).   

The horizontal resolution of a grid cell typically ranges between 100 and 600 km, 

aligning with the atmosphere grid boxes, with usually 10 to 20 vertical layers in the 

atmosphere and up to 40 layers in the oceans (Table 1.1; reproduced from Table 8.1, 

IPCC4, 2007).  This coarse grid cell resolution usually allows for little topographic 

variation to be included, which has significant impacts on modeling orographic 

precipitation. Finer grids provide higher spatial resolution; subsequently the simulations 

require more computer power, relative to the larger grid cells.  Therefore, GCM 

advancement is dependent upon improved technology and a better understanding of the 

climate interactions.   

 The interactions between the land-atmosphere models are also complex, with the 

inclusion of topography, terrestrial surface, and subsurface processes, such as biophysical 
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and biogeochemical processes, soil properties, vegetation, land-use, ecosystems, 

snowfall, and runoff adding to their complexity. Processes that transport heat, water, and 

momentum horizontally are more straightforward to model, compared to those that 

redistribute heat, water and momentum vertically and are controlled by sub-grid scale 

parameterizations (Bader, 2008).  These include many of the physical processes such as 

cloud, radiative and boundary-layer processes, and feedbacks that are related to variables 

considered directly in the model. For instance, precipitation is highly dependent upon 

micro-scale processes, such as surface evaporation and cloud formation, related to 

vertical and horizontal humidity advection.  Therefore, the data and parameterizations are 

not sufficiently robust for analysis at the regional and grid scale levels (e.g. Osborn and 

Hulme, 1997; Trigo and DaCamara, 2000).  

Different mathematical representations and parameterizations of the same climate 

processes, are one of the main reasons output differs between GCMs (Barrow et al., 

2004).  This issue demonstrates that as advanced as these GCMs are, users must be aware 

of these limitations when evaluating their output.  In reality, they represent a “balance of 

approximations” (Lambert and Boer, 2001) used to represent the working climate system 

at the finite resolutions.   

Which GCM is best? Since all climate models are based on a series of 

fundamental equations that describe scientific laws, tropospheric quantities like 

temperature and geopotential height are intrinsic parameters of the GCM physics and are 

more skilfully represented.  It is important to recognize that a model capable of producing 

realistic simulations of some aspect of the current climate does not provide an adequate 

basis for assuming that the model will provide realistic projections of future climate.   If a 
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GCM is developed using first principles, rational parameterization schemes, accounts for 

the major processes in the atmosphere, and adequately represents present day conditions, 

then it should be treated with respect (McGuffie and Henderson-Sellers, 2005).  To 

answer the question, no climate model is better than another.   

The most recent transient GCMs include a representation of the observed changes 

in atmospheric composition throughout the 20
th

 Century.  Forty different SRES (Special 

Report on Emission Scenarios) emission scenarios have been derived and provide a range 

of future possible GHG emissions and atmospheric concentrations using different socio-

economic scenarios (Nakicenovic et al., 2000). These SRES scenarios describe four 

narrative storylines (i.e., A1, A2, B1 and B2) and represent a range of demographic, 

social, economic, technological, and environmental and policy scenarios, as emission 

drivers (Figure 1.5).  They are the quantitative interpretations of these qualitative 

storylines and represent the current understanding and knowledge about under lying 

future uncertainties.   

The A1 and B1 families are focused on globalisation compared to the A2 and B2 

families that are focused on regionalisation.  A1 has a more economic focus and projects 

a temperature increase of 1.4 to 6.4
o
C and B1 has a more environmental sustainability 

focus and projects a temperature increase of 1.1 to 2.9
o
C by the year 2100.  The A2 and 

B2 families have the same economic and sustainability focus as A1 and B2, respectively, 

but are focused on more regionalisation; temperature increases by the 2100 for the A2 

scenario are between 2.0 to 5.4
o
C and for the B2 scenario between 1.4 to 3.8

o
C.  These 

scenario storylines also contribute to the uncertainty of future GCM projections.  GCMs 

simulate future climate, typically to 2100, using these SRES emission scenarios as 
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drivers, to identify the change effects caused by the radiative forcing agents on the 

climate. 

There are three common experiments carried out with GCMs: 1) the pre-industrial 

controls runs, which run for long periods and hold the forcing agents at fixed levels of the 

year 1850, to explore the model’s natural climate variability and stability; 2) the 20
th

 

Century simulations (20CM in Chapter 2 and 20C3M in Chapter 3) to represent the 

historical (or estimated) emissions record; and, 3) the future simulations based on the 

SRES A1b, A2 and B1. Most GCM experiments also consist of multiple (or ensemble) 

simulations for each of these experiments to represent different initial boundary 

conditions of the GCM at the beginning of the experiment. The combination of scenarios 

based on ensemble simulations, and scenarios reproducing multi-decadal natural climate 

variability from long GCM control simulations, are being adopted for impact studies 

(Hulme et al., 1999).   

Despite differences in numerical methods, parameterization schemes and grid-box 

resolution, GCMs do a reasonable job of simulating the large-scale features of the earth’s 

climate system (McFarlane et al., 1992; Widemann and Bretherton, 1999).  All of the 

recent GCM projections show similar temperature results when averaged annually and 

hemispherically.  Since the first IPCC report published in 1990 climate models have 

projected an overall increase in the global annual mean temperature, up to 2005, of 

between 0.15 and 0.2
o
C per decade. The observed values show an increase in temperature 

of 0.2
o
C per decade between 1990 and 2005, further increasing the confidence in GCMs 

(IPCC4, 2007).  The current projections for western North America show an increase in 

annual mean temperature of between 2 and 6
o
C and changes in annual precipitation of 
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between -3 to 14% for the 2080-2099 period (relative to the 1980-1999) (IPCC4, 2007). 

Lower confidence is placed both in annual and seasonal precipitation scenarios; there is a 

vast range of projections due to lack of topographic variation within the grid cells and 

parameterizations used.   

 While GCMs probably capture a large part of the uncertainty range in dealing 

with modeling responses, they certainly do not encapsulate the full range of uncertainties 

in future emission scenarios. Therefore, by choosing an array of GCMs and several future 

emission scenarios (SRES), a broad range of future climate scenarios (e.g. warmest-

wettest, warmest-driest, coolest-wettest, and coolest-driest) can be generated to capture 

much of the uncertainty.  Each scenario is as likely as another scenario, therefore greater 

certainty of a climate change scenarios is achieved when the majority of model output 

agree on similar climate. 

Numerous climate change scenarios have been widely applied to climate impact 

assessments by simply adjusting the mean climate conditions or using the “delta factor 

method” (Semenov and Barrow, 1997; Barrow and Yu, 2005; Toyra et al., 2005; Bonsal 

and Prowse, 2006; Bonsal and Regier, 2007).  This method requires that data for the 

relevant climate variable(s) be available for both the GCM and the observed record, and 

for two time periods typically 30-years each.  Output is required from the GCM for some 

future time period such as the 2020s, 2050s or the 2080s (i.e., 2010-2039, 2040-2069 and 

2070-2099) and the baseline climate period (e.g. 1961-1990); observed data is only 

required for the same baseline period. Climate change scenarios are typically expressed 

as a mean percentage change for precipitation and changes in degrees Celsius for 

temperature, relative to the GCM mean baseline period.  These differences or ratios are 
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then used to adjust the observed baseline dataset to develop future climate scenarios. A 

30-year time period is used to differentiate between the climate change signal and the 

inter-decadal variability within the time series. 

Changes in climate variability, acknowledged by climate modelers (IPCC4, 

2007), is a much more complex problem than simply deriving climate change scenarios 

by adjusting mean conditions.  Future climate conditions will be a combination of the 

trends imposed by global warming and the modulation of natural climate cycles by GHG 

induced climate change.  “While the two scales of climate variation are linked (climate 

variability and climate change), water resources and soils respond to the short-term 

departures from the normal climate temperature and precipitation conditions (variability) 

and extreme events rather than the trends in the mean climate conditions associated with 

climate change” (Sauchyn et al., 2010).  Measures of extreme climate events, such as 

heating degree days and rainfall intensity, are projected to increase in the future and have 

significant impacts on the agricultural, rural and urban community’s adaptive capacity 

(IPCC4, 2007; Roy et al., 2011). 

Temporal downscaling using the Long Ashton Research Station Weather 

Generator (LARS-WG) stochastic weather generator was used in Chapter 3 to develop 

future climate scenarios of daily precipitation and temperature data for specific sites.   

These future climate scenarios are stochastically generated by adjusting the parameters in 

direct proportion to the changes projected by a GCM. These climate scenarios contain the 

same statistical characteristics of the instrumental data, but are perturbed by the GCM 

changes and allow for exploration of variability effects, in that the sequence of wet and 

dry spells will be different than the instrumental record (Semenov 1997).  Further details 
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of the LARS-WG can be found in the user manual (Semenov and Barrow, 2002). The 

main advantage of weather generators is their ability to produce multiple climate 

scenarios of daily climate variables at local station, making them very useful for risk 

assessment studies. 

To further accomplish the goal of my thesis, initial future climate change 

scenarios were developed for the SSRB region, capturing the full range of temperature 

and precipitation as output from available GCMs, using two different techniques: 1) 

seasonal/annual scenarios were derived using the simpler delta method, and 2) daily time 

series were derived at specific locations within the study area using the LARS-WG.  

Further details of these techniques and scenario development are provided in Chapter 3.  

Principal Component Analysis (PCA) was also conducted in this study as an exploratory 

step to assess the GCM’s ability to simulate climate variability.   

This chapter was part of the Institutional Adaptations to Climate Change (IACC) 

project that was funded in 2004 by the Social Sciences and Humanities Research Council 

of Canada (SSHRC) under the Major Collaborative Research Initiatives (MCRI) 

program.  The IACC was a joint project between Chilean and Canadian research 

institutions to investigate the similarities in climate change and impacts between dryland 

areas and also to identify common adaptation options at the institutional and community 

levels (Diaz et al., 2009).  

Chapter 3 provides a summary of the full set of climate scenarios constructed for 

the IACC project (Lapp et al., 2008) and therefore focuses on the median scenarios.  The 

final project report portrays all five model experiments that were chosen to represent the 

full range of possible climates: warm/dry; warm/wet; cool/dry; cool/wet; and, median. 
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The purpose of this paper was to be informative and readable by policy makers and the 

more general audience, therefore this chapter is not as robust and has a different format 

than Chapters 2 and 4. The section on the WATFLOOD streamflow projections was a 

later addition by a co-author; therefore the GCM selection and climate projections are not 

consistent with the rest of the paper.   

The Climate Moisture Index (CMI), the difference between annual precipitation 

(P) and annual potential evapotranspiration (PET), is a fairly simple indicator of soil 

moisture (Willmott and Feddema 1992; Hogg 1997).  PET values were calculated using 

the Thornthwaite index because of its relatively simple routine; only mean monthly 

temperature and day length are required. I initially used the CMI of P-PET to identify 

future hydroclimatic shifts and also compare the results to other research conducted in the 

same area (Hogg 1994; 1997; Sauchyn et al., 2002).  However, following this analysis it 

quickly became apparent that the PDSI was the commonly used index to measure 

moisture and drought intensity and therefore is used in the other chapters.  

The average CMI for the May-June-July was found to best correlate with the tree-

rings and, as stated above, was the original index chosen for this study but then the PDSI 

was chosen.  However, in this chapter I chose summer (June-July-August) as the season 

to construct the scenarios that represented the median and ‘extreme’ changes.  The 

summer season is typically associated with severe droughts, and thus, allowed for 

comparison with other climate change studies (Barrow and Yu, 2005; Bonsal and Prowse, 

2006; Bonsal and Regier, 2007).   
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Step 3 (Chapter 4): 

Chapter 3 compared two different methods to derive precipitation and temperature 

scenarios and began exploring the GCMs’ ability to simulate natural climate variability 

using PCA.  The third, and final, step builds upon the PCA to develop projections of 

future hydroclimatic variability.  GCMs were assessed for their ability to reproduce the 

spatial and temporal patterns as observed during the instrumental record and then used to 

derive the large-scale circulation patterns. 

Because of the importance of recurring large-scale climate patterns (e.g. PDO, 

ENSO, NAO/AO) for understanding regional climates, researchers have begun to 

critically examine GCMs for their capacity to model atmosphere-ocean climate 

oscillations (e.g. Muller and Roeckner, 2006; IPCC4, 2007; Overland and Wang, 2007; 

Yu and Zwiers, 2007; Oshima and Tanimoto, 2009; Stoner et al., 2009; Wang et al., 

2010; Furtado et al., 2011).  These studies have focused primarily on the spatial and 

temporal variability of the North Pacific Ocean variability.   

GCMs are not constructed to incorporate any natural variability into the 

mathematical model, such as atmosphere-ocean teleconnections; these internal 

phenomena emerge from the external forcing of the climate system (Randall et al., 2007; 

McGuffie and Henderson-Sellers, 2005).  They are evaluated on their ability to reproduce 

climate statistics, as opposed to individual events; they reproduce averages and other 

weather statistics that reflect real conditions rather than reproducing weather on a specific 

day.  

In Chapter 4, annual and seasonal indices of the large-scale circulation patterns 

(i.e. PDO, ENSO, and NAO) were derived, to the year 2100, using a suite of GCMs, 
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based on the hydroclimatic relationships identified in Chapter 2.  The projected 

variability of these indices was compared to the variability of the 20
th

 Century period of 

record, for both the observed and GCM data, and the pre-industrial GCM control run 

simulations.  This allowed for inferences to be made about the future climate of the 

northwestern Great Plains based on the association between wet and dry periods and 

these large-scale circulation patterns. The work, shown in Chapter 4, highlights a new 

realm of possibilities of using GCMs as advanced modeling tools, including their 

strengths and weaknesses.  

This was the first study to explicitly derive annual and seasonal time indices of 

these climate oscillations and project the PDO as calculated by Empirical Orthogonal 

Function (EOF) analysis of North Pacific SST residuals, as defined by Mantua et al. 

(1997) and Zhang et al. (1997).  Because of the hypothesized interactions between the 

PDO and the ENSO, and between the PDO and the NAO/AO, this study also provides a 

unique opportunity to examine the concurrent projections of the ENSO and NAO/AO and 

evaluate the capacity of various GCM experiments to simulate the interactions among 

them all. The results suggest that some are capturing these large-scale circulation patterns 

and the natural climate variability, instilling greater confidence but further work is 

needed.    

This thesis demonstrates that using both paleo-reconstructions and GCM pre-

instrumental control run simulations on long time-scales is important for the detection, 

attribution, and prediction of climate change.  This long time scale focus helps put into 

context the future climate moisture variability scenarios, relative to the historical trends 

and modulations; i.e. whether the phenomena we are currently experiencing is abnormal 
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or if we should expect even more extreme conditions.  This thesis provides the first step 

to answer these questions and provides a base to further explore and develop scenarios of 

climate variability. 
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Table 1.1. Reproduced from Table 8.1, IPCC4 (2007). The GCMs, country of origin and 

selected model features: pressure at the top of the atmospheric model, the horizontal and 

vertical resolution of the model atmosphere and ocean models; the oceanic vertical 

coordinate type (Z).  

 

Model ID Country  Atmosphere Top  

Resolution 

Ocean mResolution 

Z Coord. 

BCC-CM1 

 

China 

 

top = 25 hPa  

T63 (1.9° x 1.9°) L16  

1.9° x 1.9° L30  

 

BCCR-BCM2.0 Norway top = 10 hPa  

T63 (1.9° x 1.9°) L31  

0.5°–1.5° x 1.5° L35  

CCSM3 

 

USA 

 

top = 2.2 hPa  

T85 (1.4° x 1.4°) L26  

0.3°–1° x 1° L40  

 

CGCM3.1(T47) 

 

Canada top = 1 hPa  

T47 (~2.8° x 2.8°) L31  

1.9° x 1.9° L29  

 

CGCM3.1(T63) 

 

Canada top = 1 hPa  

T63 (~1.9° x 1.9°) L31  

0.9° x 1.4° L29  

 

CNRM-CM3 

 

France top = 0.05 hPa  

T63 (~1.9° x 1.9°) L45  

0.5°–2° x 2° L31  

 

CSIRO-MK3.0 Australia top = 4.5 hPa  

T63 (~1.9° x 1.9°) L18  

0.8° x 1.9° L31  

 

ECHAM5/MPI-OM Germany top = 10 hPa  

T63 (~1.9° x 1.9°) L31  

1.5° x 1.5° L40  

 

ECHO-G  Germany/

Korea 

top = 10 hPa  

T30 (~3.9° x 3.9°) L19  

0.5°–2.8° x 2.8° L20  

FGOALS-g1.0 China top = 2.2 hPa  

T42 (~2.8° x 2.8°) L26  

1.0° x 1.0° L16  

 

GFDL-CM2.0 USA top = 3 hPa  

2.0° x 2.5° L24  

0.3°–1.0° x 1.0°  

GFDL-CM2.1 USA top = 3 hPa  

2.0° x 2.5° L24  

0.3°–1.0° x 1.0°  

GISS-AOM USA top = 10 hPa  

3° x 4° L12  

3° x 4° L16  

 

GISS-EH USA top = 0.1 hPa  

4° x 5° L20  

2° x 2° L16  

 

GISS-ER USA top = 0.1 hPa  

4° x 5° L20  

4° x 5° L13  

 

INM-CM3.0 Russia top = 10 hPa  

4° x 5° L21  

2° x 2.5° L33  

 

IPSL-CM4 France top = 4 hPa  

2.5° x 3.75° L19  

2° x 2° L31  

 

MIROC3.2(hires) Japan top = 40 km  

T106 (~1.1° x 1.1°) L56  

0.2° x 0.3° L47  

 

MIROC3.2(medres) Japan top = 30 km  

T42 (~2.8° x 2.8°) L20  

0.5°–1.4° x 1.4° L43  
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Figure 1.1 Map of final northwestern Great Plains study region, including the tree-ring sites, major cities and rivers. 
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Figure 1.2 Map of chapter 2 northwestern Great Plains study area.  The ride line outlines 

the Great Plains region and the black line outlines region significantly correlated between 

the summer Palmer Drought Severity Index and tree-ring chronologies. (Original in 

color)
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Figure 1.3 Map of chapter 3 South Saskatchewan River Basin study area. (Original in color) 
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Figure 1.4 Map of chapter 4 northwestern North America study area. One-point correlation map between the November-March PDO 

index and precipitation; the correlation values have been adjusted for autocorrelation. (Original in color)
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Figure 1.5 Schematic illustrations of SRES scenarios. The four scenario "families" are 

illustrated, very simplistically, as branches of a two-dimensional tree. The schematic 

diagram illustrates that the scenarios build on the main driving forces of GHG emissions. 

Each scenario family is based on a common specification of some of the main driving 

forces.  (Downloaded from the www.ipcc.ch; Nakicenovic, 2000). 
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Abstract 

The 20th century hydroclimatology of northwestern North America has been linked to 

naturally recurring large-scale climate patterns such as the Pacific Decadal Oscillation 

(PDO) and the El Niño-Southern Oscillation (ENSO). Few observed hydroclimatic 

records from this region exceed in length the ~60-year periodicity of the lower frequency 

oscillations; however, tree-ring proxy data from semiarid western North America 

document natural hydroclimate variation over centennial to millennial scales.  A 

reconstruction of the summer Palmer Drought Severity Index (PDSI) over the 

northwestern Great Plains provides a record of drought for the past 600 years. These long 

reconstructions were examined for embedded information about the severity, intensity, 

and duration of positive (wet) and negative (dry) summer moisture anomalies during the 

different phases of the PDO and the ENSO, as reconstructed from independent proxy 

datasets. As well, by comparing these PDSI reconstructions to another researchers’ 

independent regional summer temperature reconstruction, we were able to identify 

warm/cool drought/pluvial periods. The reconstruction was also compared to 500 hPa 

geopotential heights; these results further imply that summer moisture conditions are 

associated with the North Pacific Ocean and the Tropical Pacific Ocean variability.  

Summer drought events have frequently been coupled with the positive PDO signature 

phase pattern; however, ENSO conditions have varied between the El Niño and the La 

Niña phases.   The most severe droughts, such as the 1858-1872 and 1930-1941 events, 

were commonly associated with higher summer temperatures, the positive phase of the 

PDO, and increased ENSO variability.   
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Keywords: Dendrochronology, El Niño-Southern Oscillation (ENSO), Pacific Decadal 

Oscillation (PDO), Palmer Drought Severity Index (PDSI), 500 hPa Geopotential 

Heights  

 

Introduction 

Numerous studies have shown significant associations between the large-scale 

atmosphere-ocean teleconnections, specifically the Pacific Decadal Oscillation (PDO), 

the El Niño-Southern Oscillation (ENSO), and the North Atlantic Oscillation/Arctic 

Oscillation (NAO/AO) and variations in the 20
th

 century Pacific North American 

hydroclimate (Mantua and Hare, 2002; MacDonald and Case, 2005; Bonsal et al., 2006; 

Nyenzi and Lefale, 2006; Ault et al., 2010; St. Jacques et al., 2010).  These hydroclimatic 

fluctuations at inter-annual to multi-decadal timescales have been associated with severe 

floods and droughts causing extreme damage and economic hardship throughout western 

North America (Wheaton et al., 2005; Garnett, 2006; Cook et al., 2007; Gan et al., 2007; 

Bonsal et al., 2011).  The single year extreme drought/pluvial events are damaging but 

are not necessarily good indicators of the cumulative environmental and socioeconomic 

impacts.  The critical indicator is duration, since recovery from the cumulative damage of 

an extreme multi-year event is more challenging than from a single-year event (Wheaton 

et al., 2005; Cook et al., 2007; Marchildon et al., 2008).  The future climatology of 

extreme drought and pluvial events are of substantial relevance in the northern Prairies, 

given their historical impacts, and projections of increased frequency and severity 

associated with human induced climate change (Bonsal et al., 2011). 
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The associations between the PDO and the ENSO and the climate of the Pacific 

Northwest are well established for the instrumental period. The PDO is a re-occurring sea 

surface temperature (SST) anomaly pattern that describes a large amount of the extra-

tropical North Pacific Ocean variability (Mantua et al., 1997; Zhang et al., 1997; Mantua 

and Hare, 2002). The warm, positive PDO phase has anomalously warm SSTs off the 

west coast of North America and a deepened Aleutian Low, resulting in decreased winter 

precipitation throughout the Pacific Northwest; opposite conditions exist for the cold, 

negative phase of the PDO (Mantau et al., 1997; St. Jacques et al., 2010; Bonsal et al., 

2011).  The strength of the Aleutian Low pressure system co-varies with the North 

Pacific SST anomalies (IPCC4, 2007) by shifting the storm track and impacting the 

downstream climate (Trenbeth and Hurrell, 1994); a deepened Aleutian Low shifts the 

storm track to the north and a weakended Aleutian Low shifts it to the south. The 

interaction between the pentadecadal (50-70 years) and the bidecadal (15-25 years) 

temporal variations modulate the winter and spring variability of the Aleutian Low, with 

the pentadecadal variability controlling the basin regime timescale shifts and the 

bidecadal variability controlling the rate of transition between the regimes (Minobe, 

1999).  

The ENSO is defined by two metrics 1) the Southern Oscillation Index (SOI) (i.e., 

the normalized difference between monthly mean sea level pressure (SLP) at Tahiti and 

Darwin) (Ropelewski and Jones, 1987), and 2) the SST anomalies throughout the 

Tropical Pacific Niño region (5
o
N-10

o
S, 170

o
W-80

o
W) (Smith and Reynolds, 1998).   

The warm El Niño phase of ENSO typically has the same association with winter climate 

in the Pacific Northwest as the positive phase of the PDO; a similar relationship is found 



42 
 

between the cold La Niña phase and the negative phase of the PDO (Cayan et al., 1999; 

St. Jacques et al., 2010; Bonsal et al., 2011).  These ENSO events can be further 

intensified by variations of the PDO. Typically there are more occurrences of El Niño (La 

Niña) events during the positive (negative) phase of the PDO (Bonsal and Shabbar, 

2011). The NAO/AO is a measure of the SLP difference between Gibraltar and 

Reykjavik (Jones et al., 1997).  It measures the strength and direction of the westerly 

storm track across the Atlantic Ocean.  The positive phase of the NAO/AO is more 

commonly associated with outbreaks of cold artic air (Hurrell, 1994).   

The relatively short instrumental climate record (~100 to 150 years) captures only 

about 1.5 full cycles of the low-frequency oscillation of the PDO and therefore, is unable 

to provide a robust assessment of the variability at the lower frequency oscillations 

(IPCC4, 2007). Tree-rings provide both climate information and an absolute annual 

chronology. Tree-ring proxy data from the semiarid, western North America record 

natural hydroclimate variation over centuries to millennia (Biondi et al., 2001; Gedalof et 

al., 2002; MacDonald and Case, 2005; Axelson et al., 2009). These proxy records reflect: 

1) the inter-annual to multi-decadal variability of frequency and amplitude in 

summer/annual moisture captured by moisture sensitive tree-rings over the past 

millennium; 2) the correlation between periodicity in the tree-ring records and known 

large-scale drivers of climatic variability; and, 3) the frequency, severity, and duration of 

periods of sustained low and high moisture conditions. Climate reconstructions using this 

tree-ring proxy data (dendroclimatology) have contributed to the study of the inter-annual 

to multi-decadal natural climate variations associated with the large-scale teleconnections 

(Woodhouse, 1997; Gedalof and Smith, 2001; Hughes, 2002; Mantua and Hare, 2002). 



43 
 

At dry sites, tree growth is limited by the available soil moisture, enabling the 

reconstruction of hydroclimatic variables: precipitation (Watson and Luckman, 2004, 

2005a), streamflow (Case and MacDonald, 2003; Watson and Luckman, 2005b; Axelson 

et al., 2009), forest fire frequency and area burned (Giardin and Sauchyn, 2008), and 

drought (Sauchyn and Skinner, 2001; Sauchyn et al., 2003; Giardin et al., 2006; Cook et 

al., 2007; St. George et al., 2009). These paleoclimatic records have identified multi-year 

megadroughts of the 12
th

 and 13
th

 century (Woodhouse, 2004; Cook et al., 2007) that are 

of greater magnitude and sustained duration compared to the recent 20
th

 century events 

that lasted at most a decade.  These long records are valuable and provide more insight 

than currently available in the instrumental record.    

In this paper, we examine the hydroclimatic variability (drought and pluvials) of 

the past 600 years over the northwestern Great Plains region (Figure 2.1), by 

reconstructing the June-July-August (JJA or summer) Palmer Drought Severity Index 

(PDSI) using a network of moisture-sensitive tree-ring chronologies.  Tree-rings in the 

northern Prairie region are best for reconstructing spring/summer moisture conditions (St. 

George et al., 2009; St. George et al., 2010).  Because recurrent drought excludes trees 

from the northern Great Plains (with the exception of a few island forests), the tree-ring 

record of hydroclimate is mostly inferred from sites along the forested margins of this 

region.  The North America Drought Atlas (Cook et al., 2007) uses a network of sensitive 

tree-rings to reconstruct the PDSI over Canada, the United States and Mexico covering 

the past 1, 000 years or more in some regions.  The PDSI reconstruction grid over 

western Canada is based on relatively few chronologies compared to our reconstruction.  
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Thus, our reconstruction of PDSI over the northwestern Great Plains is much more robust 

and valid than the northern margins of the Cook et al. (2007) grid. 

This study’s multi-centennial reconstruction of the regional hydroclimate 

complements the recent work by St. George et al. (2009), who developed a tree-ring 

record of drought across the three Canadian Prairie Provinces, by exploring the 

frequency, severity, intensity, and duration of positive (wet) and negative (dry) moisture 

anomalies in greater detail.  St. George et al. (2009) drew conclusions about the history 

and forcing of drought from a collection of sites that border the northern plains, from the 

dry eastern slopes of the Rocky Mountains, to the humid eastern boreal forest. They 

found no apparent relationship between the regional tree-ring chronologies and the ENSO 

or the PDO, most likely due to the weaker relationship between the teleconnections and 

summer precipitation; however, antecedent winter precipitation has a significant impact 

on the spring/summer moisture conditions in these northern latitudes (Hamlet et al., 

2007).   Winter snowpack accumulation and spring melt is also reliant on the climatic 

variation (sign and intensity) and combination of the atmosphere-ocean teleconnections 

(Pham et al., 2009). 

We focused on the western margin of their study region, where: 1) the tree-ring 

chronologies have the greatest length, approaching 1000 years (Sauchyn et al., in press); 

2) the signal of SST forcing is most evident (St. Jacques et al., 2010); and, 3) the water 

supply for majority of the population of the Prairie Provinces is generated.  We were 

interested in the relation between the summer moisture anomalies and the Pacific Ocean 

teleconnection patterns, in particular the PDO phase and the ENSO phase and variability. 

Previous research has shown the NAO/AO affect on the winter climate of Canada 
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(Shabbar and Khandekar, 1996; Shabbar et al., 1997; Bonsal et al., 2001; Bonsal and 

Shabbar, 2008); however, it has less impact than the PDO and ENSO, particularly over 

this study region (Bonsal and Shabbar, 2008; St. Jacques et al., 2010).  By comparing our 

moisture reconstruction to an independent mean summer temperature reconstruction, 

based on maximum latewood density and ring width (Luckman and Wilson, 2005), we 

also identified warm/cool drought/pluvial periods.    

 

 Methods 

Palmer Drought Severity Index 

The Palmer Drought Severity Index (PDSI) is a index of meteorological drought 

widely used in North America. It is calculated using monthly temperature and 

precipitation data and the soil Available Water Content (AWC) to express the cumulative 

departure of moisture supply (Palmer, 1965; Keyantash and Dracup, 2002).  It is a 

standardized index that allows comparisons between different geographical locations and 

months (Palmer, 1965).  This index is preferred to indices based solely on precipitation, 

as it has considerable month-to-month persistence and better represents the basic terms of 

the water balance, including evapotranspiration, soil recharge, runoff, and surface 

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

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

conditions of previous months. PDSI is derived by including one third of the current 

month’s precipitation deficit (surplus) and almost nine-tenths of the previous month’s 

value (Guttman, 1998). For this reason, the PDSI is effective in capturing the cumulative 

effect of long-term drought or pluvial events. The index typically varies between -4.0 and 
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4.0, with values below -0.49 but greater than -1.0 (above 0.49 but less than 1.0) 

considered an “incipient dry spell” (“incipient wet spell”); -1.0 (1) is the threshold value 

of an actual drought (pluvial) event (Table 2.1).    

JJA PDSI was calculated for the 1901-2005 period using the observed monthly 

baseline historical gridded (0.5
o
) precipitation and temperature climate data generated by 

the Canadian Forest Service (McKenney et al., 2006).  Global AWC was available, on 

0.5
o
 grid in millimetres (mm) of water per one metre soil depth, from the Oak Ridge 

National Laboratory Distributed Active Archive Center (ORNL DAAC) (Batjes, 2000) 

(http://daac.ornl.gov).  

 

 Tree-ring data and study area 

Researchers at the University of Regina Tree-Ring Laboratory have established a 

network of tree-ring chronologies that extends across the montane forest of the northern 

Rocky Mountains, and the island forests of the northern Great Plains (i.e., Alberta, 

Saskatchewan, and Montana; Figure 2.1). Because the western interior of North America 

has a semiarid climate and the sampled trees are growing on dry sites (south- and west-

facing slopes, sandy soils, and ridge crests), there is a strong correlation between the 

moisture-sensitive tree-ring chronologies and the PDSI (St. George et al., 2009). We used 

chronologies located along the eastern slopes of the southern Canadian Rocky Mountains, 

which are the oldest in our collection, and this region is the headwaters of the 

Saskatchewan and Missouri Rivers.  

Over the agricultural region of the Canadian Prairies and northern Great Plains, 

nearly half of the annual precipitation falls during the April-August period (Environment 

http://daac.ornl.gov/
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Canada, 2012: http://climate.weatheroffice.gc.ca).  Although the large-scale circulation 

patterns (e.g. PDO and ENSO) are predominantly winter signals, various associations 

have been made to the summer climate conditions.  Spring and summer precipitation has 

been associated with the Pacific North American (PNA) pattern (Knox and Lawford, 

1990; Bonsal et al., 1999).  The PNA pattern exhibits inter-decadal variability and is 

related to the strength of the Aleutian Low and position of the jet stream position.  It is 

also influenced by the ENSO (Renwick and Wallace, 1996) and the PDO (Bonsal and 

Shabbar, 2011); typically during the positive phase of the PNA there are more 

occurrences of El Niño and positive PDO events.    

In total 28 chronologies were either within or near the study region (46-52
o
N and 

105-116
o
W) and significantly correlated (p ≤ 0.05) with the JJA PDSI regional average 

(Appendix Table 2.1 and Figure 2.1). Residual and standard tree-ring chronologies were 

included initially; however, the highest correlations were found using the standard 

chronologies. The chronologies were detrended using the program ARSTAN (Cook, 

1985) and standardized using a 100-year cubic spine (50% cutoff) to maintain low 

frequency variability (Cook, 1985; St. George et al., 2009). Subsample Signal Strength 

(SSS) was computed as a function of mean inter-tree correlation and sample size (Briffa 

and Jones, 1990).  A SSS equal to or greater than 0.85 was used as the threshold for 

truncating the time series at a sample depth for a reliable chronology (Cook and 

Kairiukstis, 1990).  The chronologies ranged in length from 116 to 990 years.  

Principal Component Analysis (PCA) of the covariance matrix yielded an 

orthogonal set of new variables (Meko et al., 2007; St. George et al., 2009) derived from 

the 28 standard chronologies over the common period of 1901-2005.  Any chronologies 

http://climate.weatheroffice.gc.ca/
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that did not span to 2005 were extended using the mean value from the remaining 

chronologies (Kim and North, 1993). This produced a first principal component (PC1) 

that explained 58% of the variance over the common period. Then we removed the next 

shortest chronology, repeated the PCA on the remaining chronologies, and compared that 

PC1 to the common period PC1.  This procedure was repeated until PC1 no longer shared 

the same signal as the common period PC1 (i.e., the Pearson correlation coefficient r < 

0.9). The final reduced PC1 consisted of five chronologies (Table 2.2) and was highly 

correlated (r = 0.93) to the common period PC1.  Using PCA produced the longest 

possible reconstruction with the least number of chronologies, yet maintained the same 

key information as the initial 28 sites. This PC1 spanned the years 1406-2005 AD and 

explained 52.5% of the total variance.  PC2 explained 25.4% of the variance and 

correlated with the common period PC2 (r = 0.85).  Throughout the rest of this 

manuscript PC1 and PC2 refer to the 1406-2005 AD tree-ring chronologies. 

Two other study regions were defined by including the JJA PDSI gridcells (1901-

2005) that significantly (p ≤ 0.01) correlated with the 1901-2005 AD interval of PC1 and 

PC2.  The PC1 study region coincided with the North and South Saskatchewan River 

Basins, and Milk River sub-basin of the Missouri River Basin (Figure 2.1a). The PC2 

study region included areas of southern Alberta, southeastern Montana, and western 

North and South Dakota (Figure 2.1b). A regional average was then calculated using 

those gridcells that significantly correlated with PC1 and PC2 for the 1901-2005 period.  

Each study region average was reconstructed using linear regression: PC1 JJA PDSI = 

(PC1 * 0.6944 - 0.5306) (r
2

adj
 
= 0.45; S.E. = 1.26; RE = 0.47) (Figure 2.2a), and PC2 JJA 

PDSI = (PC2 * 0.8103 + 0.0096) (r
2

adj = 0. 194; S.E. = 1.78; RE = 0.17) (Figure 2.2b). 
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The labels PC1 JJA PDSI and PC2 JJA PDSI will refer to the reconstructed regional 

averages correlated with PC1 and PC2, respectively, from 1406-2005 AD. 

 

Additional Proxy and instrumental climate data 

The latest Luckman and Wilson (2005) mean summer (May-August) temperature 

reconstruction for the south/central Canadian Rockies utilized new and multiple tree-ring 

sites spanning 950-1994 AD.  This updated reconstruction remains the longest from the 

Canadian Rockies, providing a more regional representation than previously developed 

essentially from a single site.  They also identified the most extreme warm and cool, non-

overlapping, 20-year intervals as calculated from the mean summer temperature 

reconstruction relative to the 1900-1980 period. This temperature reconstruction was 

used to define sustained warm and cool periods in relation to drought and pluvial 

episodes. 

There are numerous PDO reconstructions using tree-ring chronologies from the 

Pacific Northwest and subtropical North America (Biondi et al., 2001; D’Arrigo et al., 

2001; Gedalof and Smith, 2001; MacDonald and Case, 2005; D’Arrigo and Wilson, 

2006). The MacDonald and Case (2005) PDO index reconstruction was the longest, 

dating from 993-1996 AD. It also was the only reconstruction significantly (p ≤ 0.05) 

correlated with PC1 (results not shown); very likely it was derived from a single 

chronology (Whirlpool Point) located in our study area. Because our tree-ring data 

included a chronology from the same site, we also used the Verdon and Franks (2006) 

Composite PDO Index derived from various PDO proxies and instrumental PDO indices 

spanning 1662-1998 AD. Step changes in this Composite PDO index signify a switch 
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from a predominately positive to a predominately negative phase period.  We also used 

the observed November-March averaged PDO index for the 1901-2005, as described by 

Lapp et al. (2011), and following the Mantua et al. (1997) methodology.   

Numerous ENSO reconstructions have also been derived from networks of tree-

ring chronologies (Cook et al., 2000; Cook et al., 2008) and multi-proxy indicators 

(Mann et al., 2000) influenced by ENSO.  McGregor et al. (2010) has consolidated the 

common ENSO signal from previously defined proxy reconstructions into a Unified 

ENSO Proxy (UEP) spanning 1650-1977 AD.  These ENSO reconstructions are 

significantly (p ≤ 0.05) correlated with each other, therefore, we used the longest (1300-

1978 AD) and most up-to-date Cook et al. (2008) Niño 3.4 index reconstruction. We also 

used the instrumental December-March Niño 3.4 index (5
o
S-5

o
N, 120

o
W-170

o
W) for the 

1872-2005 period (Trenberth and Stepaniak, 2001) 

(http://www.cgd.ucar.edu/cas/catalog/climind/TNI_N34/index.html) to maintain a 

consistent ENSO phase sign with the UEP and Cook et al. (2008) reconstruction.  El 

Niño events were defined by a positive UEP and Niño 3.4 index > 0.5 and La Niña events 

as a negative UEP and Niño 3.4 index < -0.5.  The reconstructed data were obtained from 

the World Data Center for Paleoclimatology (www.ncdc.noaa.gov/paleo/paleo.html).   

One of the concerns about comparing independent reconstructions using tree-

rings in a similar area was the potential correlation between the PDSI and the mean 

summer temperature (Luckman and Wilson, 2005) and the PDO (MacDonald and Case, 

2005). In order to rule out this concern, tests of cointegration (Engle and Granger, 1987) 

were conducted, using Gnu Regression, Econometrics and Time-series Library software 

package 1.9.7 (GRETL
©

) between each of the independent and the PDSI reconstructions.   

http://www.cgd.ucar.edu/cas/catalog/climind/TNI_N34/index.html
http://www.ncdc.noaa.gov/paleo/paleo.html
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To explore the stability of the link between climate forcing and tree-ring response 

through time, 31-year running correlations were calculated with the PCs’ and the 

reconstructed MacDonald and Case (2005) PDO and Cook et al. (2008) Niño 3.4 indices 

over the 993-1996 AD and 1406-1978 AD periods, respectively.  The instrumental 

November-March PDO and December-March Niño 3.4 indices were used to extend the 

running correlations to 2005. All correlation values were adjusted for autocorrelation 

using the effective sampling size for the correlation coefficient (Dawdy and Matalas, 

1964). 

Given the relationship between the hydroclimate of the study region and the large-

scale teleconnection indices, we also explored the physical dynamics associated with 

each PC.  Correlation maps were derived between PC1 and PC2 and the average 

December-March (winter) and May-August (summer) gridded 500 hPa geopotential 

heights, for the 1948-2005 period, using the NCEP Reanalysis Derived data and software 

(NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from their Web site at 

http://www.esrl.noaa.gov/psd/) (Kalnay et al., 1996).  

 

Runs analysis to define drought events 

Typically tree-ring reconstructions of hydroclimate have focused on drought since 

water shortages are a major and widespread climate hazard.  However, extreme pluvial 

events also have socio-economic and environmental consequences, and therefore, are 

characterized in this study. We used runs analysis (Dracup et al., 1980; Meko et al., 

1995; Biondi et al., 2005) to categorize multi-year drought/pluvial events according to 

their duration, intensity, and severity. Duration is the number of consecutive years (n) 

http://www.esrl.noaa.gov/psd/
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(Biondi et al., 2005) the PDSI remained below (above) a certain threshold value (Xo).  

The severity of the drought (pluvial) is the run-sum (sum of the deficits below (above) 

the Xo over the n years), and intensity is the average deviation from Xo 

(severity/duration).  This analysis allowed us to rank events and identify the underlying 

persistent climate modes associated with extreme hydroclimatic events (Biondi et al., 

2005).  A PDSI of -0.49 (0.49) was chosen as the drought (pluvial) threshold value. 

Drought tends to be more prolonged than periods of excess water (Bonsal et al., 2011); 

therefore, drought (pluvial) events were considered extreme if they persisted for five 

(three) years or longer. If a drought of five years or longer included one or more non-

successive year(s) with a PDSI greater than -0.49 but less than 0, then these were still 

considered drought years and were included in the total run-sum (severity) calculation.  

This same method was applied to pluvial events exceeding the three year baseline.  

The PDO phase and ENSO phase and variability were characterised for each 

drought/pluvial event.  The MacDonald and Case (2005) PDO and the Composite PDO 

indices were compared and used to identify the dominant PDO phase for their period of 

record up to 1900, and the observed November-March PDO index was used for the 1901-

2005 period.  The ENSO phase was characterized for the preceding year and each year of 

the event using a threshold level of 0.4
o
C to define strong ENSO events (Trenberth, 

1997).  For their period of record up to 1871, both the Cook et al. (2008) Niño 3.4 index 

and the UEP reconstructions were used to ensure consistency, and the December-March 

Niño 3.4 index was used for the 1872-2005 observed period.  To assess changes in ENSO 

variability the variance was calculated using a sliding 17-year window of the Cook et al. 

(2008) index.   
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Spectral analysis methods 

Multi-taper method (MTM) spectral analysis (Thomson, 1982; Ghil et al., 2002) 

and Morlet Wavelet Analysis (Grinsted et al., 2004) were applied to the PCs to identify 

dominant modes of variability. In the SSA-MTM Toolkit for MTM Spectral Analysis 

(http://www.atmos.ucla.edu/tcd/ssa/), we used Adaptively weighted spectra with a red 

noise background (three tapers) (Mann and Lees, 1996). The Wavelet Analysis was 

conducted in MATLAB® (http://www.pol.ac.uk/home/research/waveletcoherence/). We 

were primarily interested in the frequency variability at periodicities characteristic of the 

PDO (~20 and ~60 years) (Minobe, 1997, 1999; Chao et al., 2000) and the ENSO (2-7 

years) (Rasmussen and Carpenter, 1982; Trenberth, 1997).  The North Atlantic 

Oscillation (NAO) (Wallace and Gutzler, 1981) also influences the hydroclimate of 

northwestern North America (Bonsal et al., 2001; St. Jacques et al., 2010); however, to 

differentiate its frequency (2-10 years) (Hurrell and Deser, 2009) from the ENSO 

frequency is problematic.  MTM analysis was also conducted on the 28 individual tree-

ring chronologies to explore their capacity to capture the PDO- and ENSO-like spectrum 

and to confirm the regional hydroclimatic impact associated with the large-scale 

circulation patterns.  

 

Results 

The results of the cointegration tests between both pairs of reconstructions (PC1 

JJA PDSI and PDO; PC1 JJA PDSI and mean summer temperature) confirmed no 

significant relationship between the non-stationary variables.  This suggests that the mean 

summer temperature (Luckman and Wilson, 2005) and the PDO index (MacDonald and 

http://www.atmos.ucla.edu/tcd/ssa/
http://www.pol.ac.uk/home/research/waveletcoherence/
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Case, 2005) were constructed from independent tree-ring chronologies than those used to 

develop PC1 and PC2 and reconstruct the JJA PDSI.  

Runs analysis of the PC1 JJA PDSI over the past six centuries detected droughts 

that were more extreme in severity, intensity, and duration than those recorded during the 

instrumental period (Table 2.3).  The 1858-1872 drought was the most severe, followed 

by 1930-1941, and the 1483-1494 events (Table 2.3 and Figure 2.3).  The drought of the 

1720's (1717-1721) ranks seventh in severity but was the most intense (-2.4); thus, the 

longest sustained drought was not the most severe.  Recent drought intervals in the 

instrumental period include 1918-1926, 1930-1941, 1956-1963, 1983-1989 and 2000-

2004. The dominant PDO phase was consistent between the MacDonald and Case (2005) 

and the Composite PDO reconstructions for all droughts except the 1755-1761 and 1858-

1872 events.  Of the 24 drought events in the full proxy record, eighteen (six) occurred 

during the positive (negative) PDO phase based on the MacDonald and Case (2005) 

reconstruction.  The 2000-2004 drought was unique, as it was not predominantly in the 

positive PDO phase, rather, the PDO index waxed and waned between the positive and 

negative phases during the event.  The 1717-1721 drought was the only event where the 

Cook et al. (2008) and the UEP index reconstructions disagreed (results not shown); the 

Cook et al. (2008) reconstruction defined this event as having more occurrences of La 

Niña than El Niño.  

The most severe drought and longest in duration (1858-1872), occurred during the 

positive PDO phase (MacDonald and Case, 2005) and had more occurrences of La Niña 

than El Niño. However, the next three droughts, ranked by severity, occurred during the 

positive PDO phase and had more occurrences of El Niño than La Niña. Droughts were 
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more likely to be preceded with a La Niña or neutral phase rather than an El Niño phase 

and there was no precedence for which ENSO phase initiated the drought. During the 

period of the instrumental Niño 3.4 index there were six droughts, five of which had an 

equal or greater number of occurrences of La Niña or neutral phase events than El 

Niño’s.  The pre-instrumental period had 18 droughts, of which 14 had an equal or 

greater number of La Niña or neutral phase events than the number of El Niño’s.  High 

(low) ENSO variability coincided with 15 (9) drought events; the five most severe 

droughts occurred during periods of high ENSO variability (1483-1494, 1717-1721, 

1791-1800, and 1930-1940). 

Along with identifying drought events, runs analysis was also able to categorize 

abnormally wet periods during the reconstruction that were also compared to the mean 

summer temperature, the PDO and ENSO reconstructions.  The 18
th

 and 20
th

 centuries 

each had four pluvial events, constituting them as the wettest centuries of the entire 

reconstruction (Table 2.4).  The most severe pluvial occurred from 1826-1830, the 

second from 1668-1676, and the third from 1900-1905; the next fourth through sixth 

ranked extreme events occurred during the 18
th

 century.  The PDO reconstructions were 

coherent for all pluvials except the 1826-1830 event.  In total there were seven (eight) 

events that occurred during the positive (negative) phase of the PDO, based on the 

MacDonald and Case (2005) reconstruction.  Pluvial events typically had more 

occurrences of the La Niña or neutral phases than El Niño phases.  However, the 

frequency of El Niño was higher during the positive PDO phase events of 1550-1554 and 

1993-1996, and the negative PDO phase events of 1826-1830 (severest pluvial), 1900-

1905, and 1953-1955.  There was no prevailing ENSO phase that preceded the pluvials; 
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five events were preceded with a La Niña, three with a neutral, and seven with an El Niño 

phase. Also, there was no consistent ENSO phase that initiated the first year of the 

pluvial events.  ENSO variability appears to have little impact; eight pluvials were 

associated with low variability, including the two most extreme events, and seven events 

with high variability. 

The majority of the droughts occurred during warm periods (e.g. 1559-1583, 

1717-1721, and 1858-1872), although not always during an extreme warm interval 

(Figure 2.3).  All of the 20
th

 century droughts occurred during, or partially overlapped, an 

extreme warm interval.  The droughts of the mid-to-late 1400’s and early 1500’s, and the 

1811-1815 event occurred during three of the most extreme cool intervals of 1456-1475, 

1481-1500, and 1799-1818, respectively, and coincide within the Spörer and Dalton solar 

minima’s.  Overall, the pluvial periods occurred during cool periods; four (1469-1471, 

1668-1676, 1693-1695, and 1826-1830) occurred during extreme cool intervals and the 

1709-1711 event followed the Maunder Minima.  Although the 1724-1750 period did not 

include three consecutive wet years (PDSI > 0.49), it was wet and occurred during the 

1727-1746 extreme cool interval.  The early 20
th

 century (1900-1910) pluvial period was 

relatively warm compared to the entire time series mean; however, it was relatively cool 

compared to the 1900-1980 mean, reflecting the increasing average temperature since the 

1850’s.  The 1953-1956 pluvial was the only event that occurred during an extreme warm 

interval (Luckman and Wilson, 2005).   

PC1 captured the characteristic spectrum of the PDO (Figure 2.4): the lowest 

frequency pentadecadal periodicity, the low-frequency bidecadal periodicity, and the 

higher frequency variability in the ENSO band of 2-5 years significantly (p<0.05) (the 7 
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year band was significant) (Minobe, 1999).  Low frequency variability was reduced 

around the latter half of the 1700’s when temperatures alternated between cool and warm 

decades (Luckman and Wilson, 2005).  PC2 also captured some of the low frequency 

pentadecadal (~50 year) and bidecadal (22-35 years) periodicity, but more of the high 

frequency variability in the ENSO bands than PC1.  Both PC’s captured a significant 13-

year band of variability. From MTM spectral analysis conducted on each of the 28 tree-

ring chronologies, we concluded that those with sufficient length (>150years) detected all 

three frequency bands and the short chronologies (<150 years) detected the ENSO and 

the higher PDO frequency bands (results not shown).   

The spatial correlation of PC1 and PC2 with the average gridded December-

March (winter) and May-August (summer) seasonal 500 hPa heights are shown in Figure 

2.5.  Negative (positive) correlations imply high (low) 500 hPa heights associated with 

drought events; the opposite correlations would be associated with pluvial events.  

During the winter season the PC1 drought conditions are associated with a ridge of high 

pressure originating off the west coast of North America that extends over the Pacific 

Northwest and south over the southeastern United States.  Low pressure is located over 

the North Pacific Ocean and off the west coast of Mexico.  During the summer season, 

the PC1 drought conditions are associated with high pressure located over western North 

America that encompasses the study region; low pressure is located in the eastern North 

Pacific Ocean and continues north of the high pressure system and then south along the 

east coast of North America. The PC2 drought conditions are associated with high 

pressure off the west coast of North America and over the Gulf of Mexico; low pressure 

is found over northern Canada, off the east coast of Canada, and over the tropics during 
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the winter season (Figure 2.5).  During the summer season the high/low pressure areas 

are shifted westward relative to their winter positions, with the regions over eastern 

Canada and the tropics heightened in amplitude and the others weakened in amplitude.   

The strength and sign of the running correlations vary throughout the 

reconstruction according to the phases of ocean-atmosphere oscillation (Figure 2.6).  The 

running correlations of the PCs’ with the PDO are inconsistent (Figure 2.6a).  PC1 

predominantly has a negative relationship with the PDO and weak positive correlations 

dispersed throughout the reconstructed time period. Significant (p ≤ 0.10) correlations 

occurred during 1650-1700, 1850-1880, 1920-1930, and ~1950. PC2 overall has a weak 

positive correlation with the PDO index and interspersed periods of weak negative 

correlations. The running correlations of PC1 and PC2 with the ENSO index also 

oscillated between periods of significantly positive correlations and significantly negative 

correlations (Figure 2.6b).  PC1 and PC2 have similar correlations with ENSO during 

1700-1740, shifting from a slightly positive to a significantly negative and back to a 

slightly positive correlation, and during 1825-1910 the correlations shifted from 

significantly positive to virtually no relationship.  Opposite correlations existed during: 

1675-1700 when PC1 (PC2) had a negative (positive) correlation; 1740-1825 when PC1 

(PC2) had a significant negative correlation (no correlation to positive correlation); and, 

1910-1960 when PC1 (PC2) shifted towards a significantly negative (positive) correlation 

with ENSO. 
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Discussion 

In this paper we reconstructed the summer hydroclimate (PDSI) in the 

northwestern Great Plains over the last six centuries using the first two-leading PC’s, 

from the five longest tree-ring chronologies.  This study’s in-depth analysis of drought 

and pluvial periods demonstrates the complexity of the linkages between the large-scale 

teleconnections, specifically the PDO and the ENSO, and the associated hydroclimate 

variability in the eastern Rocky Mountains of southern Alberta and northern Montana 

(Figure 2.1).  These results are consistent with the shorter eastern Rockies summer PDSI 

reconstruction (St. George et al., 2009) and a South Saskatchewan River reconstruction 

(Axelson et al., 2009).   

We also compared our summer PDSI reconstruction to other climate 

reconstructions in the region.  The JJA PDSI reconstruction closely corresponds to the 

growth season atmospheric relative humidity (RH) reconstructions from the Columbia 

Icefield area in the eastern Rocky Mountains, by Edwards et al. (2008), over the past 

1000 years.  By comparing this RH reconstruction to previous temperature and 

streamflow reconstructions they determined glacial expansion occurred during the 

periods of ~1450-1500 (Wolfe et al., 2008), ~1590-1610, ~1700-1710, and ~1810-1860 

AD.  The decline in RH in the ~1450-1500 and ~1810-1860 periods align with our 

summer PDSI reconstruction (Figure 2.3); the onset of each period is pluvial, corresponds 

with a higher RH, and then progresses to drought conditions that correspond with lower 

RH levels. The spike ~1600 and dip ~1700-1710 in RH also corresponds to our pluvial 

and drought events as reconstructed.   
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It has been hypothesized that the relatively cold, dry atmospheric conditions of 

the Little Ice Age (LIA) (~1530-1890 AD) were due to an intensified meridional 

circulation and strengthened Aleutian Low (Edwards et al., 2008).  This resulted in a lack 

of warm Pacific air masses in relation to cool Arctic air masses, as suggested by the 

suppressed PDO variability (MacDonald and Case, 2005) and negative NAO/AO index 

(Cook et al., 2002).   Outbreaks of the warm Pacific air masses and enhanced North 

Pacific Ocean variability (Macdonald and Case, 2005) are most likely associated with the 

pluvial events during this period.  The most recent drought of 2000-2004 has also been 

considered anomalously cool compared to previous droughts in the instrumental period 

(Bonsal et al., 2011); however, it appears more common during the reconstructed period.  

The hydroclimatic reconstructions are also capturing the winter season climate 

variability associated the large-scale circulation patterns.  Spectral and wavelet analysis 

revealed dominant modes of variability in the tree-ring series at the pentadecadal and 

bidecadal periodicities characteristic of the PDO and the ENSO (2-7 years) (Figure 2.4). 

The lack of low frequency variability between 1700 and 1850, as shown in the wavelet 

analysis, corresponds to a northward migration of the Inter-tropical Convergence Zone 

(Sachs et al., 2009). Temperatures around the latter half of the 1700’s alternated between 

cool and warm decades (Luckman and Wilson, 2005), and also may have contributed to 

the lack of low-frequency variability.   

El Niño is primarily associated with winter season drought in the northern Prairies 

(Shabbar et al., 1997; Bonsal and Lawford, 1999; Bonsal et al., 2006; Shabbar, 2006). 

The winter 500 hPa heights associated with PC1 drought conditions are associated with a 

deepened Aleutian low and a stronger northward flow (Trenberth and Hurrell, 1994; 
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Bonsal et al., 2001) and resembles an El Niño like atmospheric circulation (Lau, 1997; 

Yu and Zwiers, 2007) (Figure 2.5).  The tree-ring chronologies appear to capture the 

lower frequency winter precipitation variability associated with the North Pacific Ocean. 

The summer meridional circulation pattern concurrent with dry periods (Figure 2.5) is 

associated with the common amplified mid-tropospheric ridge and trough pattern, which 

causes the western directed flow northward of the Prairie region (Bonsal et al., 1999).   

El Niño appears to be associated with the regional drought but the connection 

between La Niña events and localized summer droughts may not be as uncommon as 

originally speculated.  Since the onset of SST observations, six multi-year mid-latitude 

drought events in North America (1856-1865, 1870’s, 1890’s, 1930’s, 1950’s and most of 

the early 21
st
 century) have been accompanied by persistent La Niña-like SST conditions 

(Fye et al., 2003; Herwijer et al., 2006; Seager, 2007); the 1950’s drought was the only 

event that did not incorporate our study region.  Previous wheat yield research over the 

Canadian Prairies found that the El Niño years brought favourable and the La Niña years 

brought unfavourable conditions (Garnett and Khandekar, 1992; Shabbar et al., 1997; 

Garnett et al., 1998; Hsieh et al., 1999; Garnett et al., 2006).  

The winter 500 hPa heights centres-of-action pattern associated with PC2 drought 

conditions (Figure 2.5) is a distinct feature of La Niña (Diaz et al., 2001), along with the 

depressed 500 hPa heights at longitudes in the tropical and subtropical latitudes. During 

the summer these centres-of-action are westward shifted, with weaker amplitudes, 

relative to their winter positions (Figure 2.5).  Although PC2 is capturing a relatively 

small portion of the overall hydroclimatic variability of the study region, it does highlight 

the non-stationary temporal relationship and spatial variability between the hydroclimate 
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and ENSO (Figure 2.6).  The non-stationary relationship also exists over western 

Montana (Wise, 2010).  The weak ENSO signal in the tree-rings may be explained by the 

sporadic occurrence of ENSO events or by other dominant hydroclimatic sources of 

variability (Diaz et al., 2001), such as the spatial inconsistency or the North Pacific 

Ocean variability.   

One weakness in using NCEP Reanalysis derived data is the short period of 

record (1948-2005), as shown by the varied temporal correlations with the reconstructed 

PDO index (Figure 2.6) demonstrating the inconsistent modulation of the summer 

hydroclimate by this teleconnection.  During the periods of significant correlation the 

hydroclimatic impact of the PDO is carried over from winter to spring/summer.  It could 

be speculated that the periods of weak and positive correlation are thus explained by the 

lack of carryover from the winter season hydroclimatic signal, particularly if opposite 

correlations occurred during the following growing season.  For example, weak positive 

correlations could be found during a year with a negative PDO index, or weakened 

Aleutian Low, and increased winter precipitation; however this above average 

precipitation may not be able to sustain the spring/summer precipitation required during 

the growth season, or warm temperatures may result in enhanced evapotranspiration and 

produce drought conditions.  Based on this example and the ability of tree-rings to 

capture dry years better than wet years, we would anticipate that at the reconstructions 

would capture the positive phase of the PDO and enhanced Aleutian Low conditions 

better than the opposite conditions.  

The non-stationary response of tree growth response to winter precipitation 

(snowpack) (St. George et al., 2009; St. George et al., 2010) is highlighted by the 
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Pederson et al. (2011) northern Rocky Mountains April 1 snow water equivalence (SWE) 

reconstruction.  SWE and summer moisture conditions are only coherent during the 

1512-1518 and 1717-1721 drought periods, and the 1588-1592 and 1609-1614 wet 

periods. Contrasting conditions are noted during the late 19
th

 century, when the most 

severe summer drought occurred based on the JJA PDSI reconstruction, compared to 

their above average SWE reconstruction. SWE during the early 20
th 

is predominantly 

lower compared to the wet JJA PDSI reconstruction.  This divergence between the winter 

and summer moisture reconstructions explains the non-coherent PDO signals in our 

chronologies.  We also found that the drought of 2000-20001 did not exhibit as 

pronounced of a negative anomaly, relative to other 20th century droughts, such as 1936-

37 or 1961 (St. George et al., 2009), even though this event was deemed as the most 

intense drought in the western prairies during the last 100 years (Sauchyn et al., 2003; 

Liu et al., 2004). The absence of an extremely narrow 2001 tree ring may be explained by 

the previous year’s carry-over of moisture (Fritts, 1976); the 2000-01 drought was 

preceded with eight wet years compared to 1936-1937 and 1961 events, both which 

occurred during the midst of prolonged dry periods.  

The scientific basis for adapting current water infrastructure, policy, and 

management involves an understanding of the contribution of historical climate 

variability to uncertainty in the future climate system and the variability and drivers of 

climatic extremes (Biondi et al., 2005). Future patterns of SST anomalies in the 

extratropical ocean will likely include a shift to the decadal time-scale variability of the 

North Pacific Ocean, impacting oceanic processes by changing the gyre evolution and the 

associated change in storm tracks, and anomalous transient eddy flux feedbacks on the 
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mean flow anomalies (Trenberth, 1990; IPCC4, 2007).  The increased ENSO variance 

experienced within the past century roughly coincides with an increase in Western Pacific 

Ocean warm-pool temperature (Newton et al., 2006).  Assuming that the warm-pool 

SSTs can be attributed to global warming, supporting the view that anthropogenic global 

warming tends to strengthen the ENSO variability (Sun, 2003), we conclude that drought 

and flood severity and variability may surpass the instrumental and the reconstructed 

records.  

 

Conclusions 

This reconstruction of the JJA PDSI extends the length, analysis, and 

interpretation of the previous work, by St. George et al. (2009), to 1406 for the 

northwestern Great Plains region.  The connection between the PDO and the ENSO and 

summer moisture conditions in the northern Prairie region is complex, as identified 

through this study.  Runs-analysis identified periods of both extended drought and pluvial 

events over the study region of greater duration, frequency, severity, and intensity than 

experienced during the 20
th

 century instrumental period. The severest droughts (pluvials) 

are associated with the positive (negative) phase of the PDO.  Pluvial events typically had 

more occurrences of La Niña events and extreme drought was associated with increased 

ENSO variance.  The mechanisms that are controlling the summer drought and pluvial 

events over the northern Prairie Region of North America are more akin to those of the 

Great Plains of the USA, and the ENSO association.  The reconstructed wet periods 

aligned with cool summer temperatures (Luckman and Wilson, 2005) and the dry periods 

typically occurred during warm periods, however, cold droughts were not uncommon.  
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Although the tree-rings are primarily capturing the summer moisture conditions there is 

an underlying signal associated with the winter Pacific atmosphere-ocean climate 

variations.  Exploring the early/late wood and analyzing each chronology for the 

dominate moisture signal may differentiate this mixed winter and summer season signal 

(Vanstone and Sauchyn, 2010).  Further research into the 21
st
 century projections of the 

PDO and the ENSO requires exploration into the full range of possible scenarios, 

including the variability, using the most up-to-date suite of GCMs, and their ability to 

accurately reproduce the observed hydroclimate. Multi-year droughts are, and will 

continue to prove challenging and improved adaptation to these extreme events are 

needed (Marchildon et al., 2008).  
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Table 2.1 The Palmer Drought Severity Index (PDSI) of moisture classifications (Palmer 

1965). 

Classification PDSI 

Extreme Drought ≤ -4.0 

Severe Drought > -4.0 to -3.0 

Moderate Drought > -3.0 to -2.0 

Mild Drought > -2.0 to -1.0 

Incipient Dry Spell > -1.0 to -0.5 

Near Normal  > -0.5 to < 0.5 

Incipient Wet Spell 0.5 to < 1.0 

Mildly Wet 1.0 to < 2.0 

Moderately Wet 2.0 to < 3.0 

Severely Wet 3.0 to < 4.0 

Extremely Wet ≥ 4.0 
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Table 2.2 The longest five standard tree-ring chronologies used to construct PC1 and 

PC2 for 1406-2005 AD. SSS > 0.85 is the earliest year that the chronology is able to 

estimate at least 85% of the original signal derived from all trees within the stand.  See 

Appendix Table 2.1 for more details about the chronologies. 

 

Code Species 

Lat 

(
o
N) 

Long 

(
o
W) 

Elev 

(m) Median 

SSS 

>0.85 

Last 

Yr 

First 

Yr 

Cabin Creek PSME 49.7 114.0 1375 406 1406 2004 1375 

Oldman River PIFL 49.8 114.2 1447 284 1364 2007 1203 

Siffleur Ridge PIFL 52.5 116.4 1390 244 1028 2008 1018 

Wildcat Hills PSME 51.3 114.7 1351 300 1351 2006 1341 

Ward Creek PIFL 52.0 116.5 1356 261 1160 2007 1062 
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Table 2.3 Drought events and their associated severity, rank based on severity, and 

intensity (severity/duration). The ENSO phase for each year the event (beginning with 

the year preceding the event) and variance, calculated using a 17-year window (see text 

and Figure 2.3), were based on the Cook et al., 2008 Niño 3.4 index reconstruction for 

the 1300-1871 and 1300-2005 AD periods, respectively.  The average December-March 

Niño 3.4 Index was used to determine the annual ENSO phase during the observed period 

of 1872-2005 AD. The average PDO phase of the event was based on the MacDonald and 

Case (2005) PDO for the 1406-1900 period, the Composite PDO Index (Verdon and 

Franks 2006) for the 1662-1900 AD period (phase shown in brackets), and the 

November-March PDO index for the observed period of 1901-2005 AD.  E = El Niño, L 

= La Niña, N = neutral, (LV) = low variance, (HV) = high variance. A strong to moderate 

ENSO event was defined as |Niño 3.4| > 0.5.  + denotes a Positive PDO phase; – denotes 

a Negative PDO phase. 

Drought  Severity 

Severity 

Rank Intensity 

ENSO Phase  

(Variance) 

PDO 

Phase   

1472-1481 -7.6 14 -0.8 LELLLLEENNN (HV)  + 

1483-1494 -14.2 3 -1.2 ENEEELLENNELN (HV) + 

1498-1508 -8.2 11 -0.7 LEENNLNEELNL (HV) + 

1512-1518 -5.8 18 -0.8 LLLLNE (LV) + 

1559-1570 -12.3 5 -1.0 ENLLNNNELLLLL (HV) + 

1576-1583 -6.7 16 -0.8 NLNNLLNEE (LV) + 

1618-1623 -4.3 19 -0.7 ELENLL (LV) – 

1626-1630 -6.7 17 -1.3 LLNEEE (LV) – 

1645-1654 -7.4 15 -0.8 NELNLEEENLL (HV) – 

1682-1688 -3.3 24 -0.5 EENLLEEL (LV) + 

1701-1708 -7.9 12 -1.0 NNELLLNLN (LV) – 

1717-1721 -11.8 7 -2.4 LNENNN (HV) + 

1755-1761 -8.8 9 -1.3 LNNLNNLN  (HV) + (–) 

1791-1800 -12.7 4 -1.3 LEEENLNNLEE (HV) + 

1811-1815 -3.7 23 -0.7 NNLLEE (HV) – 

1842-1847 -12.1 6 -2.0 LLLNENN (LV) + 

1850-1854 -4.2 21 -0.8 NELENN (LV)  + 

1858-1872 -19.7 1 -1.3 LELLNLLLNLNNELLL (HV)  +  (–) 

1889-1897 -7.8 13 -0.9 EELNNLLLEE (HV) + 

1918-1926 -9.5 8 -1.1 LLEENNLELE (HV) + 

1930-1941 -15.6 2 -1.3 NEENNLNEENLEE (HV) + 

1956-1963 -4.2 22 -0.6 LLNEENNNN (LV) – 

1983-1989 -8.4 10 -1.2 NELLLEEL (HV)  + 

2000-2004 -4.3 20 -0.9 LLLNEE (HV)  + 
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Table 2.4 Pluvial events and their associated severity, rank based on severity, and 

intensity (severity/duration). The ENSO phase for each year the event (beginning with 

the year preceding the event) and variance, calculated using a 17-year window (see text 

and Figure 2.3), were based on the Cook et al., 2008 Niño 3.4 index reconstruction for 

the 1300-1871 and 1300-2005 AD periods, respectively.  The average December-March 

Niño 3.4 Index was used to determine the annual ENSO phase during the observed period 

of 1872-2005 AD. The average PDO phase of the event was based on the MacDonald and 

Case (2005) PDO for the 1406-1900 period, the Composite PDO Index (Verdon and 

Franks 2006) for the 1662-1900 AD period (phase shown in brackets), and the 

November-March PDO index for the observed period of 1901-2005 AD.  E = El Niño, L 

= La Niña, N = neutral, (LV) = low variance, (HV) = high variance. A strong to moderate 

ENSO event was defined as |Niño 3.4| > 0.5.  + denotes a Positive PDO phase; – denotes 

a Negative PDO phase. 

Pluvial Severity 

Severity 

Rank Intensity 

ENSO Phase  

(Variance) 

PDO 

Phase   

1469-1471 1.2 13 0.4 LELL (HV) + 

1550-1554 1.8 9 0.4 EEENEE (HV) + 

1588-1592 0.7 14 0.1 NNLNEL (LV) – 

1598-1600 1.5 12 0.5 ENNL (LV) + 

1609-1614 1.5 11 0.3 ENENNLN (LV) + 

1668-1676 6.9 2 0.6 LLNLELLLNL (LV) – 

1709-1711 0.1 15 0.0 NLEN (LV) – 

1752-1754 2.6 6 0.9 NLLL (HV) – 

1778-1782 3.3 4 0.7 LLNELL (LV) – 

1786-1790 2.9 5 0.7 LLNELL (HV) – 

1826-1830 7.0 1 1.4 ELEENL (LV)  – (+) 

1900-1905 4.9 3 0.8 LEENELE (HV) + 

1907-1909 1.7 10 0.6 ELNL (HV) + 

1953-1955 1.8 8 0.6  EEEL (LV) – 

1993-1996 2.0 7 0.5 EENEL (HV) + 
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Appendix Table 2.1 The 28 standard tree-ring chronologies used in this study and their details.  The chronologies were collected by 

the University of Regina Tree-Ring Laboratory. The expressed population signal (EPS) measures the ability of each record to 

represent the ideal population signal and the between-tree correlation (R_bar) is the mean correlation between all ring width records 

within a site.  SSS>0.85 is the earliest year that the chronology is able to estimate at least 85% of the original signal, derived from all 

trees within the stand.  Median series length is the median number of annual rings contained by the tree-ring samples from an 

individual site; Sens is mean sensitivity of the residual chronology. Not available is denoted by na. Picea glauca (PCGL); Pinus 

contorta (PICO); Pinus flexilis (PIFL); Picea glauca (PIGL); Pseudotsuga menziesii (PSME). * denotes the five longest chronologies 

used in the reconstructions. 

Site Name Species 

Lat 

(
o
N) 

Long 

(
o
W) 

Elev 

(m) EPS R_bar Median Cores 

First 

Yr 

Last 

Yr 

SSS  

>0.85 Sens 

Beaver Creek, AB PSME 49.8 -113.9 1592 0.93 0.56 275 23 1592 2006 1624 0.237 

Beaver Dam Creek, AB PSME 49.9 -114.2 1661 0.97 0.55 345 42 1482 2004 1526 0.279 

Buhrman, AB PIFL 49.1 -113.6 1297 0.93 0.31 83 34 1796 2007 1896 0.270 

Boundary, AB PSME 49.1 -114.0 1297 0.95 0.41 198 45 1759 2005 1780 0.200 

Burles Ridge, AB PSME 49.7 -114.1 1320 0.88 0.57 163 7 1768 2004 1830 0.319 

Beauvais Lk, AB. 

PSME / 

PIFL 49.4 -114.1 1427 0.96 0.40 257 34 1627 2003 1701 0.219 

Cabin Creek, AB * PSME 49.7 -114.0 1375 0.99 0.67 406 40 1375 2004 1406 0.369 

Callum Creek, AB PSME 50.0 -114.2 1677 0.97 0.56 288 35 1572 2004 1634 0.250 

Cypress Hills, SK PICO 49.7 -110.0 1000 0.92 0.26 99 40 1872 2001 1885 0.152 

Crandell Mountain, AB PSME 49.1 -113.9 1284 0.89 0.40 227 30 1450 2005 1457 0.175 

Dutch Creek, AB PSME 49.9 -114.4 1680 0.98 0.64 244 42 1618 2004 1620 0.310 

Douglas Fir Ecological 

Area, AB PSME 52.2 -116.4 1320 0.98 0.60 294 49 1472 2007 1587 0.332 

Emerald Lake, AB  PIFL 49.6 -114.6 1384 0.93 0.29 270 39 1450 2004 1591 0.215 

Hawkeye Mesa, AB PIFL 49.7 -113.8 1308 0.94 0.41 171 59 1542 2007 1641 0.245 

Little Bob Creek, AB PSME 49.9 -114.2 1602 0.98 0.63 307 45 1509 2004 1579 0.322 

Oldman River, AB PSME 49.9 -114.2 1331 0.94 0.57 202 26 1534 2003 1597 0.374 

8
3
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Oldman River, AB * PIFL 49.8 -114.2 1447 0.98 0.50 284 90 1203 2007 1364 0.329 

Ridge Crest, AB PSME 49.9 -114.3 1667 0.93 0.54 167 10 1797 2003 1810 0.209 

Siffleur Ridge, AB * PIFL 52.0 -116.4 1390 0.98 0.56 244 62 1018 2008 1028 0.355 

Stoney Indian Park, AB PSME 51.1 -115.0 na 0.98 0.68 270 22 1597 2003 1637 0.296 

South Milk River, MT PIFL 48.7 -113.3 1718 0.82 0.23 79 13 1892 2007 1926 0.183 

Tower Ridge, AB PCGL 51.1 -114.4 1250 0.98 0.41 131 93 1315 1992 1602 0.267 

Two O'Clock Creek, AB PSME 52.1 -116.4 1560 0.98 0.56 411 38 1496 2007 1500 0.338 

Wildcat Hills, AB * PSME 51.3 -114.7 1351 0.98 0.72 300 48 1341 2006 1351 0.419 

Ward Creek, AB PSME 50.1 -114.2 na 0.97 0.55 169 32 1708 2005 1724 0.165 

Whirlpool Point, AB * PIFL 52.0 -116.5 1356 0.96 0.59 261 32 1062 2007 1160 0.395 

White Rabbit Creek, AB PIFL 52.1 -116.4 1420 0.98 0.68 266 38 1555 2008 1559 0.366 

West Sharples Creek, 

AB PSME 49.9 -114.1 1520 0.99 0.55 360 63 1525 2004 1562 0.291 

 

 

 

 

 

8
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Figure 2.1  Pearson’s correlation maps of (a) PC1 and (b) PC2, with the June-July-

August Palmer Drought Severity Index (JJA PDSI), for the 1901-2005 period, used to 

identify the study region of the northwestern Great plains. The white box outlines the 

initial study region (46-52
o
N and 105-116

o
W) and the thick black line identifies the 

positive correlation at the 99% significance level with the corresponding PC.  The green 

triangles represent the five longest tree-ring chronologies used to construct PC1 and PC2, 

and the black triangles represent the remaining 23 tree-ring chronologies used for the 

common period principal component analysis. Significance values were adjusted for 

autocorrelation. (Original in color) 
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Figure 2.2 The reconstructed June-July-August Palmer Drought Severity Index (JJA 

PDSI) region average, using linear regression, for the region significantly correlated with 

(a) PC1 and (b) PC2, as identified in Figure 2.1.   The solid line represents the observed 

JJA PDSI region average and the dashed line represents the reconstruction inferred from 

each PC, (a) PC1 JJA PDSI and (b) PC2 JJA PDSI. Pearson’s correlations significant at 

the 95% confidence level. 
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Figure 2.3  Runs analysis of the PC1 June-July-August Palmer Drought Severity Index 

(PC1 JJA PDSI) reconstruction compared to the Luckman and Wilson (2005) summer 

temperature reconstruction.  (a) PC1 JJA PDSI (solid black line) smoothed with a 9-year 

running average. The grey bars are the drought / pluvial severity (run-sum), and the light 

yellow panels represent approximate timing and duration of solar minima’s (Spörer, 

Maunder, and Dalton, respectively).  (b) The reconstructed summer temperature 

anomalies (
o
C), inverted, relative to the 1900-1980 mean (Luckman and Wilson 2005) 

(grey line) and the PC1 JJA PDSI (black line), smoothed with a 9-year running average.  

The red (blue) bars represent extreme 20 year periods (inverted) of warm (cool) intervals, 

relative to 1900-1980 mean. (c) Sliding 17-year variance of Cook et al., (2008) 

reconstructed Niño 3.4 Index (assigned to centre year of the window).  The solid black 

line represents the average variance (0.6) over the entire reconstruction length (1300-

1979). (Original in color) 
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Figure 2.4 Reconstruction of (a) PC1 June-July-August Palmer Drought Severity Index 

(PC1 JJA PDSI) (left panel) and PC2 JJA PDSI (right panel) spanning 1406-2005, 

smoothed with a 9-year running average. (b) Shows results of the MTM spectral analysis 

using three tapers and the significance levels (smoothed dotted curves). The bold values 

are years significant at the p ≤ 0.1 level and the underlined values are years near 

significant. (c) Shows results of the Morlet wavelet analysis with the heavy black line 

showing significance at the p ≤ 0.1 level. (Original in color) 
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Figure 2.5  Correlation maps of PC1 and PC2 with the observed 500 hPa geopotential 

heights (Kalnay, et al., 1996) averaged over the previous December- current March and 

current May-August season, for the 1947-2004 period.  Image produced by the software 

provided by the NOAA/ESRL Physical Sciences Division, Boulder Colorado website at 

http://www.esrl.noaa.gov/psd/. (Original in color)

  

http://www.esrl.noaa.gov/psd/
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Figure 2.6 The 31-year running correlations (assigned to centre year of the window) with 

PC1 (black line) and PC2 (grey line) and (a) the MacDonald and Case (2005) 

reconstructed PDO index, and (b) the Cook et al., (2008) reconstructed Niño 3.4 index.    

The horizontal dashed line corresponds to p ≤ 0.1.  The instrumental December-March 

Niño 3.4 index and November-March PDO indices extended the reconstructed indices to 

2005.  
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Abstract 

This paper describes scenarios of climate change and water supply constructed to assess 

vulnerability of communities to future conditions in the South Saskatchewan River Basin 

(SSRB). Output from five Global Climate Models (GCMs) forced with various future 

emission scenarios were used to construct a range of future scenarios of temperature and 

precipitation (i.e. median, warmest-wettest, warmest-driest, coolest-wettest, and coolest-

driest) over the SSRB. Downscaling using the stochastic weather generator, LARS-WG, 

was also carried out at Lethbridge, Alberta, and Swift Current, Saskatchewan, and results 

were compared to future scenarios derived using the coarse resolution GCMs solely. The 

results between the GCM and LARS-WG scenarios were comparable; both showing 

increases in monthly temperatures, increases in winter precipitation, and typically 

decreasing summer precipitation, but with amplified variability. Scenarios of future flows 

of the South Saskatchewan River and its tributaries were derived by coupling the 

HadCM3 TAR model scenarios with the hydrological model WATFLOOD. Flow 

decreased and the dominant flow season shifted from summer to spring for some rivers. 

 

Introduction 

A key component of the conceptual framework, and associated research 

methodology, of the IACC project is the assessment of future vulnerability to climate 

change. Achieving one of the project objectives “To examine the effects of climate 

change risks on the identified vulnerabilities”
1
 requires that we develop future scenarios 

for climate risks identified by the studied communities. Those risks or current 

vulnerabilities, discussed in other articles in this volume, are mostly related to water. The 
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river basins, the Elqui in Chile and South Saskatchewan in Canada, are arid and semi-

arid, respectively, and dry environments have the most variable hydroclimate. In the 

southern part of Canada, the highest year-to-year variation in precipitation is in the 

prairies.  The only region with a coefficient of variation (standard deviation / mean) 

above 25% nearly coincides with the South Saskatchewan River basin (SSRB). 

In the SSRB, the climate risks most often identified in the studied communities of 

Hanna, Taber, Outlook, Cabri, Stewart Valley and Blood Indian Reserve were drought, 

extreme weather events, such as intense thunderstorms and associated hail and flash 

floods, and low river flows affecting potable water. The vulnerability of these rural 

communities to climate change will depend on the extent to which these regional climate 

risks are affected by global warming. This paper presents scenarios of the future climate 

and hydrology of the SSRB using outputs from runs of Global Climate Models (GCMs) 

forced with anthropogenic greenhouse gases to simulate global warming. 

A climate change scenario is a plausible representation of a future climate that is 

constructed from consistent assumptions about future emission of greenhouse gases 

(GHGs) and other pollutants, for explicit use in investigating the potential impacts of 

anthropogenic climate change
2
. Scenarios are not forecasts of future climate, but rather 

are intended to provide adequate quantitative measures of uncertainty represented with a 

range of plausible future paths
3
. Future greenhouse gas concentrations are an unknown 

because we cannot predict the kinds and extent of activities humans will engage in that 

will reduce or increase them. 
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Three types of climate scenarios provide input to hydrological, agricultural, socio-

economic, and biophysical models for impact and sensitivity studies: (1) synthetic; (2) 

analogue (temporal and spatial); and, (3) derived from GCMs. Synthetic and analogue 

scenarios capture a wide range of possible future climates, and are useful for identifying 

thresholds or discontinuities of response beyond which effects are no longer beneficial or 

are detrimental
4
 
5
. Synthetic scenarios apply an arbitrary change to a particular variable of 

an observed time series; for example, adding 2
o
C to the monthly average temperature. 

This new time series, however, maintains the variability of the original time series. 

Analogue scenarios represent potential future climate by using the observed climate 

regime from a typically warmer previous period or other location as an anticipated future 

climate.  Temporal analogues are derived from either instrumental or paleoclimatic 

records. As these scenarios represent real historical climate states, they are physically 

possible and can be constructed for various climate variables. With spatial analogues one 

weakness is the lack of correspondence between climatic and non-climatic features 

between regions; therefore, these scenarios may not represent physically plausible 

scenarios for conditions in the study region. Also, most drivers of the analogue climates 

are likely natural variations, rather than a response to GHG-induced warming.  

Global climate models “are the only credible tools currently available for 

simulating the response of the global climate system to increasing greenhouse gas 

concentrations"
6
; therefore, they were used in this study for the construction of future 

climate scenarios. GCMs are fully coupled mathematical representations of the complex 

physical laws and interactions between ocean/atmosphere/sea-ice/land-surface
7
.  They 

simulate the behaviour of the climate system on a variety of temporal and spatial scales 
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using a three-dimensional grid over the globe. A high level of confidence can be placed 

in climate models based on the fact they are
8
: (1) fundamentally based on established 

physical laws, such as conservation of mass, energy and momentum, along with 

numerous observations; (2) able to simulate important aspects of the current climate; and, 

(3) able to reproduce features of past climates and climate changes. Climate models have 

accurately simulated ancient climates, such as the warm mid-Holocene of 6000 years ago 

and trends over the past century, combining both human and natural factors that influence 

climate.  

GCM experiments simulate future climate conditions based on estimated warming 

effects of carbon dioxide (CO2), other GHGs, and the regional cooling effects of 

increasing sulphate aerosols beginning in the late 19
th

 century or early 20
th

 century using 

scenarios of future radiative forcing. The Intergovernmental Panel on Climate Change 

Third Assessment Report (IPCC-TAR)
9
 published forty different emission scenarios 

providing a range of future possible GHG emissions and atmospheric concentrations 

from socio-economic scenarios labelled SRES (Special Report on Emission Scenarios)
10

 . 

The recent IPCC Fourth Assessment Report (AR4)
11

 describes the latest vintage of 

GCMs and experiments currently available. Most GCM experiments also consist of 

multiple (or ensemble) simulations for each of these experiments representing different 

initial boundary conditions of the GCM at the beginning of the experiment. Impact 

studies are adopting the combination of scenarios derived from ensemble simulations and 

scenarios reproducing multi-decadal natural climate variability from long GCM control 

simulations
12

.  
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Scenarios of the future climate of the SSRB derived from GCMs  

Constructing Climate Change Scenarios 

Developing a climate scenario for an impact study requires that data for the 

relevant climate variable(s) be available from both the GCMs and the ‘climatological’ 

record, for two time periods typically each of 30 years: some future time period such as 

the 2020s, 2050s or the 2080s (i.e., 2010-2039, 2040-2069 and 2070-2099) and the 

baseline climate (1961-1990)**(see description below). A climate change scenario 

constructed using GCM output is typically expressed as a percentage change in 

precipitation or temperature change in degrees from a mean baseline of 1961-90 to a 

future 30-year period.  These differences or ratios are then used to adjust the observed 

climatological baseline dataset to develop a future climate scenario. A 30-year time 

period is used to differentiate between the climate change signal and the inter-annual and 

inter-decal variability within the time series.  

One of the limitations of GCMs for constructing climate change scenarios is the 

difference in climate sensitivity between models. Due to parameterization and 

simplification of modeling processes and feedbacks, GCM simulations may respond quite 

differently to the same forcing
13

. While GCMs probably capture a large part of the 

uncertainty in modeling responses, they do not encapsulate the range of uncertainties in 

future emission scenarios. By choosing an array of GCMs and several future emission 

scenarios (SRES), a broad range of future climate scenarios (e.g. warmest-wettest, 

warmest-driest, coolest-wettest, and coolest-driest) can be generated to capture much of 

the uncertainty.  
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**Footnote: The baseline dataset or ‘normal’ period is representative of the 

observed, present-day meteorological conditions and describes the average conditions, 

spatial and temporal variability and anomalous events. The current 30-year normal period 

as identified by the WMO (World Meteorological Organization) is 1961-1990
14

.  

 

Data  

The Fourth Assessment Report (AR4) of the IPCC
15

 lists twenty-four climate 

models; only seven had the required variables of daily maximum/minimum temperature 

and precipitation for both the 1961-90 historical and future 2040-69 period (Table 3.1). 

The SRES
16

 experiments A1B, A2 and B1 were available for the AR4 models. Output 

from the HadCM3 TAR (Third Assessment Report) also were used because the AR4 did 

not provide the required variables for this model, the A2 and B2 experiments were 

available for various runs of the HadCM3 TAR model, and this GCM has been used for 

previous climate change research in western Canada
17

 
18

 
19

. GCM output for the AR4 

models (daily and monthly) was obtained from the World Climate Research Programme's 

(WCRP's) Coupled Model Intercomparison Project phase 3 (CMIP3) multi-model 

dataset
20

. Monthly and daily HadCM3 TAR output was available, respectively, from the 

IPCC Data Distribution Center
21

 (IPCC-DDC) and the Climate Impacts LINK Project
22

. 

The 20
th

 Century experiment (20CM) from each GCM provided the baseline period 

(1961-1990) output from the AR4 models and the SRES scenario experiments for the 

HadCM3 model.  

Baseline observed historical gridded (0.5
o
) climate data (monthly precipitation, 

maximum and minimum temperature), covering North America from 1901-2000, were 
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recently generated by the Canadian Forest Service
23

. The GCM output was interpolated 

to the historical data 0.5 degree grid, using the linear interpolation routine in Matlab 7.1, 

and mapped to illustrate future climate scenarios for the basin.  

 

Future Climate Change Scenarios: SSRB  

Figure 3.1 is scatter plot of climate change scenarios, the change in summer 

season average temperature (degrees C) and precipitation (%), for the 2050’s (2040-69) 

relative to the 1961-1990 period for the 7 GCMs and experiments. Five model 

experiments were chosen to represent the range of possible climates: MIROC3.2 

MEDRES A2(1) (warm/dry: +3.3
o
C/-17.3%), HadCM3 TAR a2(1) (warm/wet: 

+2.9
o
C/+4%), CGCM3.1/T47 B1(1) (cool/dry: +2.1

o
C/-6.5%), CSIRO MK3.0 A1B(1) 

(cool/wet: +1.3
o
C/+10.3%), and CGCM3.1/T47 B1(2) (median: +2.2

o
C/+2.2%). 

Figure 3.2 presents maps of the SSRB showing the annual average temperature 

(
o
C) change scenarios for the 2050s for the five climate models relative to the 1961-90 

baseline period. Temperature increases range from +1 to +3.5
o
C, with the greatest 

increase projected in the eastern part of the basin. Figure 3.3 maps the annual 

precipitation change scenario (%) throughout the basin for the 2050s period relative to 

the baseline. MIROC3.2 MEDRES A2(1) is the only GCM projecting a decrease (in the 

central area of the basin); all others show an increase in annual precipitation over the 

entire basin.  These projections of increased annual temperatures, amplified during 

winter, and decreased summer and increased winter/spring precipitation, also extend over 

most of southwestern Canada
24

.  
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Spring/summer soil moisture is essential in the SSRB particularly for dryland 

farming. The Climate Moisture Index (CMI), the difference between annual precipitation 

(P) and annual potential evapotranspiration (PET), is a fairly simple indicator of soil 

moisture
25

 
26

. PET values were calculated using the Thornthwaite equation because of its 

relatively simple routine; only mean monthly temperature and day length are required, 

and data for limited variables are available from the GCMs. Figure 3.4 maps the May-

June-July P-PET (mm) for the 1961-90 period, 2020s, 2050s and the 2080s for the 

median CGCM 3.1/T(47) B1(2) scenario. Overall, with decreased precipitation and 

increased temperatures in summer, the climate moisture index is decreasing (increasing 

soil moisture deficit) throughout the basin, particularly in the central and eastern portions 

which rely heavier on rainfall for soil moisture compared to irrigated areas. Areas that 

have access to irrigation or supplementary water may actually benefit from increases in 

summer temperatures; different crop type choices may be available with a longer growing 

season and more heat units
27

.  

 

Future Climate Scenarios: Specific Sites  

The GCM grid cells centered on Lethbridge, Alberta, and Swift Current, 

Saskatchewan, were selected for a more detailed analysis of future monthly 

minimum/maximum temperature and precipitation scenarios (Figure 3.5). Swift Current 

has a slightly cooler climate, particularly during the winter months, compared to 

Lethbridge; however, the two stations have similar seasonal precipitation distribution and 

annual amounts. GCMs project greater increases in minimum temperature (5
o
C at Swift 
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Current and 4
o
C at Lethbridge) than maximum temperature during winter and spring. 

Increases in maximum monthly temperature of 1-4
o
C are more consistent among months.  

  Monthly scenarios of future precipitation (Figure 3.5) show that most models 

project changes in seasonal variability at both sites with higher winter and lower summer 

precipitation; annual total precipitation increases. Future monthly variability is highest 

during the late spring through summer, and into early fall, which is when most of the 

annual precipitation falls. This summer/fall variability relative to winter likely reflects the 

weaker ability of the models to simulate convective precipitation than frontal. Lethbridge 

tends to have an overall increase in all seasons except summer, with June precipitation 

decreased by nearly 10mm. Most models also show decreases during July through 

September, leaving this season in a moisture deficit. Similarly, at Swift Current the 

majority of models show a drier summer and more variability with otherwise more 

precipitation particularly in winter and spring. 

 

Scenarios of future flows of the SSRB derived by coupling GCM scenarios and 

hydrological models 

To assess the future trends in streamflow for the SSRB, GCM estimates of future 

temperature and precipitation were used in a simple hydrological model, WATFLOOD. 

This modeling exercise serves as an example of the applicability of GCM scenarios in 

future planning of water resources. 

 WATFLOOD is a physically-based hydrologic model
28

 representing the 

dominant vertical fluxes, precipitation, interception, infiltration. This model provides a 

horizontal utility that allows for overland, inter- and base flows to route water to the 



101 
 

channel; the routing aspect demands that the model is fully distributed in space.  The only 

distributed forcing time series data necessary for WATFLOOD are temperature and 

precipitation, making it suitable for coupling with GCM indicators of future climate. 

Other pieces of information used within WATFLOOD are elevations, the extent of the 

watershed, and other topographic features such as landcover characteristics, reservoir and 

channel properties. 

Initially, the hydrologic model was run for the current climate; WATFLOOD was 

driven using current climatology in the form of station-observed temperature and 

precipitation data. The flows generated were compared to naturalized streamflow to 

ensure that the hydrologic model could replicate streamflow. In order to assess the 

influence of climate change within the South Saskatchewan River Basin, selected IPCC 

TAR temperature and precipitation change scenarios were used as input, and future 

scenario modeled flows were compared to the modeled current flows.  

There are 21 stations with complete 1961-90 temperature and precipitation 

records. As high resolution spatial precipitation gauging enhances accuracy when 

modeling channel output, additional precipitation records were extracted to force 

WATFLOOD for the 1961-90 period
29

. There are 775 climate stations that have daily 

precipitation records for more than five years during the 30-year period.  

The choice of climate scenarios was based on an analysis
30

 of all publicly 

available GCM scenario outputs. The potential change in temperature was applied as 

offsets and precipitation was normalized and these values were applied during a data 

gridding process, resulting in anticipated distribution of future temperature and 

precipitation across the basin. Due to the coarse temporal and spatial scale of the 
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available GCM data, a spatially weighted average change in temperature and 

precipitation was applied over the entire basin at a monthly time step. The significance is 

that the temperature and precipitation patterns of the current climate were simply 

replicated with a step change to provide the estimate of future climate temperature and 

precipitation patterns.  

The example presented in this paper is the streamflow estimate yielded from the 

suggested climate change as represented by the A2(1) scenario of the Hadley HadCM3 

TAR GCM. The projected HadCM3 changes to 1961-90 temperature and precipitation 

are presented in Figure 3.6, and are essentially a moderate view of future climate with a 

mean increase in temperature of less than 2.5ºC and a slight increase in precipitation of 

about 6.4%.  The GCM projects that all seasons will be warmer, and that fall (Sept-Nov), 

winter (Dec-Feb), and spring (Mar-May), will be wetter, while the summer months (Jun-

Aug) will be drier. 

The 29 years of simulated flows (October 1, 1961 to September 30, 1990) for 

each of the six scenarios were averaged for each month, and the A21 scenario results are 

shown in Figure 3.7. While the perturbations are applied uniformly across the basin, the 

response in annual future flows differs between the sub-basins (see Figure 3.7). The 

Oldman basin shows flows the least affected by the future change in climate with an 

average annual reduction in flow of 0.01%, with the Bow River showing changes of -

7.6%, the Red Deer -12.6%, and the average decrease in flows of the South 

Saskatchewan into Lake Diefenbaker was 8.5%. 

There are differences in the seasonality of current modeled flows across the basin 

(Figure 3.8). With current climatology, the flows in the Oldman basin are spring 
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dominated, while the Bow River at Calgary exhibits summer dominated flows. Further 

downstream the current flows for the Bow River at the mouth are approximately equal in 

the spring and summer; similarly, current summer and spring flows are equally weighted 

for the South Saskatchewan at Lake Diefenbaker, although there is slightly more summer 

than spring flow to the reservoir.  

Future flows for the Bow River at Calgary are also summer dominated, although 

the spring to summer flow ratio increases slightly, and future downstream flows at the 

mouth shift to a spring dominated flow system. The Oldman system essentially retains its 

spring flow dominated system. The integration of flows in the South Saskatchewan River 

shifts from a slightly summer dominated system in current flows, to a future flow regime 

that is slightly dominated by spring flows. 

 

Limitations of GCMs as the source of climate change scenarios 

While climate models are “the only credible tools”
31

 currently available for 

simulating future climate scenarios, they have limitations that apply in general to climate 

impact studies and, specifically, to our attempt to link future climate to current climate 

risks in the SSRB. The coarse spatial resolution (100s km) is a commonly cited drawback 

of GCM derived climate scenarios. This problem is particularly acute for a study like 

ours where the aim is to evaluate the vulnerability of individual rural communities by 

providing future climate and water scenarios. Fortunately much of the SSRB, beyond the 

eastern slopes of the Rocky Mountains, has relatively low relief and homogenous land 

cover. Even so, we are applying single values of climate variables for GCM grid boxes 

(thousands of km
2
) to small rural communities. Various methods of downscaling have 
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been developed to overcome this spatial resolution limitation downscaling using 

relationships between observed large-scale atmospheric processes and station-scale data. 

Downscaling provides information required for water resources management at scales 

much finer than the current resolution of any GCM for the interpretation of impacts 

related to climate change or climate variability
32

.   

 

Downscaling: Two Approaches 

The two common approaches to the downscaling of climate scenarios are 

dynamical and statistical. The confidence that may be placed in downscaled climate 

change information is foremost dependent on the validity of the large-scale fields from 

the GCM. Dynamical downscaling involves the use of high-resolution (regional) climate 

models (RCMs) to obtain finer resolution climate information from coarse-scale GCMs
33

.  

RCMs are nested within a GCM that provides the initial and lateral boundary driving 

conditions.  The RCM incorporates better parameterization and more direct 

representation of some small fine-scale processes and features such as topography and 

land cover inhomogeneity
34

. RCMs are more computationally demanding than global-

scale models
35

; therefore, RCM data are typically available for only one run of a single 

model for limited time spans. The latest version of the CRCM.4.2.0 (Canadian Regional 

Climate Model) has output available for the CGCM3 SRES A2 and the time period of 

2041-2070 with a 45-km horizontal grid-size
36

; previous versions of CRCMs provided 

data for a twenty-year window (2046-2065). As illustrated in Figure 3.1, on the other 

hand, there are numerous runs of various GCMs providing a range of future climates or 

scenarios. 
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Statistical downscaling methods are much more popular than dynamical 

downscaling techniques for deriving future climate scenarios; they are a cheap way of 

obtaining climate change data at higher temporal or spatial resolution than can be 

provided by the GCM. The statistical downscaling of GCM data is based on a statistical 

model linking the climate simulated by the GCM and the current climate characterized by 

instrumental data. This technique has been widely applied to derive daily and monthly 

precipitation at higher spatial resolution for impact assessments
37

 
38

. SDSM (Statistical 

Downscaling Model)
39

 and LARS-WG (Weather Generator)
40

 are two popular methods 

of statistical downscaling.  

Here we provide downscaled future scenarios for Lethbridge and Swift Current 

using the LARS-Weather Generator and ask “Does downscaling provide better results 

than the climate scenarios derived from GCMs and presented in the section Future 

Climate Scenarios: Specific Sites?”   

Future climate change scenarios were derived for the 2050s at Lethbridge and 

Swift Current using the five GCMs described in 2.3 above to adjust the LARS-WG 

parameters. Monthly-observed homogenized precipitation and minimum/maximum 

temperature datasets, used to calibrate the model, were obtained for the entire study area 

for 1961-90 from Environment Canada
41

 
42

. Figure 3.5 compares the future monthly 

minimum/maximum and precipitation climate scenarios at the two stations between those 

derived using GCMs (section 2.4) and downscaled with LARS-WG. Overall, the results 

of the downscaled monthly station data are very similar to those derived from the GCMs. 

The principal difference between the two scales of climate scenarios is the monthly 

precipitation variability. At Lethbridge, the LARS-WG results show greater variability 
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for the months of February, June, August, November and December. At Swift Current, 

March, April and August have greater precipitation variability than derived using GCMs. 

The scenarios from the coarse resolution GCMs are not substantially different from those 

derived using downscaling. Downscaling is more labour intensive, suggesting, in this 

case, that downscaling does not necessarily provide better results. 

LARS-WG also generates a series of wet and dry days, and the agriculturally 

important extreme events of frost and high temperature. At both stations there is a 

decreased number of days below freezing (<0
o
C) and an increased number of hot days 

(>30
o
C) in the summer months (late spring into early fall; Figure 3.9). In July and August 

the models project that the number of days >30
o
C could double. Changes to the length of 

wet and dry spells are variable and fluctuate around the 1961-90 average monthly number 

of days; therefore, it is difficult to draw any conclusions. On average, the majority of the 

models favour increasing wet spell length for the winter months and increasing dry spell 

length for the late summer months. We are less concerned about changes in the winter 

months as compared to spring and summer when the impacts of drought are more severe.    

 

Climate Variability 

Because GCMs simulate atmospheric and oceanic states and processes at a global 

scale, the most robust projections are for the largest areas and for multi-decadal mean 

values; thus, the IPCC-TGICA
43

 places highest confidence in the projections of global 

temperature trends expressed as the difference between a baseline of 30 years and a 

future 30-year time-slice. The GCM projections have decreasing reliability for 

progressively smaller areas and time periods, and for water-related variables versus 
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temperature. Here we are interested in a single watershed and water-related events; thus, 

the coarse resolution is a constraint, although the SSRB spans 5-11 GCM cells 

(depending upon the grid cell size of the GCM). More problematic, however, is the 

greater sensitivity of the rural communities to climate variability, departures from mean 

conditions, than climate change, to shifts in the mean. Most of the climate risks identified 

by the communities are departures from mean conditions (e.g., droughts, floods, frost) 

and not a shift in mean conditions as projected by GCMs. Data on future extremes and 

variability have been extracted from GCMs for large regions; but, once again, the 

reliability declines as the region of interest decreases in size. 

Despite these constraints, we derived, with caution, some scenarios on the degree 

of variability that might be expected under the climate change scenarios presented above. 

This analysis is a preliminary step to investigating long-term trends and variability of 

future climate scenarios using the Climate Moisture Index of P-PET, as modeled by the 

CGCM3.1/T67 covering the total Prairie Provinces area. An 8-year low pass digital 

filter
44

 was used to smooth the annual P-PET for each grid cell to retain information that 

was coarser than the frequency of eight years. Principle Component (PC) analysis was 

used to analyze and compare trends between the 1961-90 observed P-PET and the 20
th

 

Century modeled P-PET and the future SRES (A1B, A2, and B1) P-PET experiments. 

The B1 scenario is close to the median, and the A2/A1B scenarios tend to be 

warmer/drier scenarios (Figure 3.1) relative to all the models tested. Figure 3.10a shows 

the standardized PC1 for the change in P-PET over the Prairie Provinces; 

negative/positive values represent drier/wetter conditions. There is a strong Pacific 

Decadal Oscillation (PDO) pattern evident, switching from a positive phase in 1947, to 
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negative and again positive in 1977.  During negative PDO phases the sea surface 

temperature is warmer in the North Pacific and cooler along the west coast of North 

America, bringing generally cooler wet conditions to the Prairies
45

. The opposite pattern 

exists for positive PDO phases, and we expect drier conditions. The negative PDO 

pattern dominates during 1947-1976, but positive PDO indices occur in 1957-58 and 

1969-1970, and are observed in the P-PET PC1 as negative values during these periods.  

During the 1977-78 “regime shift”
46

, when the PDO shifted from a negative to positive 

phase (Figure 3.11), the P-PET for the PC1 values become negative (Figure 3.10a). This 

teleconnection between positive PDO phases and dry periods on the prairies has been 

well documented
47

 
48

 
49

. Our preliminarily results indicate that, at timescales great than 

eight years, the 20
th

 Century model reproduces a similar pattern to the observed data (see 

Figure 3.10a), placing increased confidence in the GCMs ability to produce future 

climate scenarios.  

Future P-PET scenarios based on the standardized PC1 and SRES experiments 

also maintains similar natural variability as the observed and modeled P-PET (Figure 

3.10b), but an increased moisture deficit (more negative P-PET) is projected by the three 

experiments extending to the end of this century. This decline in moisture is associated 

with decreasing precipitation and increased temperatures during the spring/summer 

period. 

The variability of future climate will be a function of the natural climate cycles 

modulated by greenhouse gas warming. Research on the nature and degree of this 

modulation is in early stages, but one approach involves the analysis of natural climate 

variability that will underlay the variation in future climate. Historical weather data 
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contain detailed information on the variability of climate at daily to decadal scales; 

however, these records are relatively short in western Canada, at most 120 years, and 

mostly considerably shorter. Longer records that pre-date the instrumental period are 

available from climatically sensitive geological and biological archives. Figure 3.12 is a 

plot of the annual flow of the South Saskatchewan River for the period 1402-2004. 

Axelson
50

 developed a statistical relationship between streamflow and tree growth in the 

basin; both respond to the effective precipitation (P-PET) that recharges the soil moisture 

balance, and is discharged from the basin in the stream channel. This plot of departures 

from the mean flow illustrates that negative departures or drought occurs periodically and 

with greater duration and severity before the 20
th

 century; thus, communities in the basin 

can expect severe and prolonged drought, simply because it is characteristic of the long-

term hydroclimatic variability, with or without human-induced global warming. 

 

Conclusions 

Output is available from various GCMs to develop scenarios of the future climate 

of the SSRB, and model stream flows, and thereby assess future vulnerabilities and 

climate risks. Application of these scenarios to vulnerability assessment, however, 

requires an understanding the source, derivation and limitations of the scenarios because 

model projections are only simulations of possibilities. Some climate risks cannot be 

properly evaluated because current models and methods do not provide reliable 

information at the relevant spatial and temporal scale for the variables identified by 

stakeholders. For example, one important variable not examined is the change in wind 
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frequency and speed, which can have dramatic effects on snow sublimation and 

evaporation of water from soil and storage ponds.  

GCM scenarios suggest the SSRB will experience an increase in both temperature 

and precipitation by 2050. Less precipitation is expected in summer, and more in winter, 

increasingly in the form of rain with rising temperatures. Warmer temperatures will result 

in a longer growing season, but there also will tend to be less available soil moisture in 

mid to late summer. The projected changes in temperature will influence snow 

accumulation in the mountains which feed the rivers that communities depend on for 

their water supply. Decreased runoff, and a shift in the dominant flow season from 

summer to spring, will cause river flows to decrease throughout the summer and fall 

months. Increased temperatures will result in an increased number of days with net 

positive evaporation from soil and storage dugouts, rivers, lakes and reservoirs. When a 

median GCM scenario is coupled with a hydrological model, mean flows for the 2050s 

are reduced for all the major streams in the SSRB. The flows of the South Saskatchewan 

River into Lake Diefenbaker are reduced by 8.5%. Also with earlier peak flow, there is an 

increase in the ratio of spring to summer flow. 

These new scenarios of the future climate and surface water supplies of the SSRB 

represent the shift in average conditions that communities and institutions can expect. 

This is critical information in anticipation of the impacts of climate change, but not 

necessarily the most relevant information for the rural communities, or at least those 

studied by IACC project researchers
51

 
52

 
53

. The major climate risks (drought, flooding, 

storms) and vulnerabilities identified through the community assessments are departures 

from mean conditions and sensitivities to this climate variability and extreme events; 
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therefore, this paper supplemented the conventional GCM scenarios of climate change 

with sources of hydroclimatic data at finer scales: downscaled GCM output, annual 

Climate Moisture Index (CMI) data from a GCM, and proxy climate (tree-ring) records 

that capture the natural hydroclimatic variability that underlies the trends imposed by 

global warming. These approaches and information are necessitated by the nature of 

vulnerability to climate change on the Canadian plains as revealed through the “bottom 

up” approach to vulnerability assessment undertaken in the IACC project. The “top 

down” approach of providing conventional GCM-based scenarios of shifts in mean 

conditions also is useful in terms of informing stakeholders about the directions of 

climate change, whether or not they perceive these trends as immediate climate risks.    

 Our scenarios of the mean conditions and variability of future climate and water 

resources have considerable implications for economic, environmental and social 

processes within the SSRB. The forces driving the Prairies’ climate, its variability and its 

water resources, need to be understood in greater depth for society to be better prepared 

for the future. Planning and implementing adaptation to climate change requires 

communities and institutions to develop practices and policies that can be implemented 

when there is uncertainty about future conditions.  
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Table 3.1 Information about the climate models chosen for this study; the country of origin, SRES simulations available, grid cell 

size and dimensions of the area for each model.  The output is available from the IPCC Fourth Assessment Report (2007) for all 

models except the HadCM3 from the Third Assessment Report (2001) at the IPCC Data Distribution Centre (http://www.ipcc-

data.org/) and Program for Climate Model Diagnosis and Intercomparison (http://www-pcmdi.llnl.gov). 

 

 

Climate Modeling Centre Model SRES 

Simulation 

Grid cell size 

(degrees) 

Dimensions 

Canadian Centre for Climate 

Modeling and Analysis Canada 

CGCM3 (T47) A1B*, A2*, 

B1* 

3.75
 o
 x 3.75

 o
 238.125 – 256.875W 

44.52 – 55.77N 

 CGCM3 (T63) A1B,A2,B1 2.81
 o
 x 2.81

o
 241.8725 – 258.7475W 

46.04 – 57.29N 

Met Office Hadley Centre UK HadCM3 A2*, B2 (TAR) 3.75
 o 

x 2.55
 o
 241.885 – 260.625W 

46.25 – 56.25N 

National Institute for 

Environmental Studies Japan 

MIROC3.2-

MEDRES 

A1B*, A2*, 

B1* 

2.8125
 o  

x 2.8
 o
 240.468– 257.343W 

44.64 – 55.84N 

Geophysical Fluid 

Dynamics Laboratory USA 

GFDL 2.0 A1B, B1 2.5
 o
 x 2.0

o
 241.875  – 259.375W 

46 - 56N 

Max-Planck-Institut for 

Meteorology Germany 

ECHAM5-OM A1B,A2,B1 1.875
 o
 x 1.87

 o
 240.9375 – 257.8125W 

46.629 – 55.979N 

Australia's Commonwealth 

Scientific and Industrial 

Research Organization 

Australia 

CSIRO-MK3.0 A1B,A2,B1 1.875
 o
 x 1.87

 o
 240.9375 – 257.8125W 

46.6312 – 55.637N 

 

*More than one experiment was carried out for these emission scenarios

1
1

9
 

http://www.ipcc-data.org/
http://www.ipcc-data.org/
http://www-pcmdi.llnl.gov/
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Figure 3.1 Scatter plot indicating mean temperature (
o
C) and precipitation (%) change for the SSRB for the 2050s summer.  

The models were chosen based on the availability of the required climate variables: daily minimum and maximum 

temperature and daily precipitation.  The colours correspond to the GCM and the symbols identify the scenario.  MIROC 

Medres A2(1) (warm/dry), HadCM3 TAR  A2(a) (warm/wet), CGCM3.1/T47 B1(1) (cool/dry), CSIRO MK3.0 A1B(1) 

(cool/wet), CGCM3/T47 B1(2) (median) are all circled. (Value in brackets identifies the run number). 
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 a.       b. 

    

 c.       d. 
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Figure 3.2 Maps of annual temperature change scenarios (
o
C) for the 2050s relative to 

the 1961-90. a. CGCM3.1 T47 B1(1) (cool/dry)  b. CGCM3.1 T47 B1(2) (median) c. 

CSIRO MK3.0 A1B(1) (cool/wet)  d. HadCM3 TAR a2(1) (warm/wet) e. Miroc Medres 

a2(1) (warm/dry).   
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Figure 3.3 Maps of annual precipitation change scenarios (%) for the 2050s relative to 

the 1961-90. a. CGCM3.1 T47 B1(1) (cool/dry)  b. CGCM3.1 T47 B1(2) (median) c. 

CSIRO MK3.0 A1B(1) (cool/wet)  d. HadCM3 TAR a2(1) (warm/wet) e. Miroc Medres 

a2(1) (warm/dry). 
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  a.        b. 
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Figure 3.4 Future Climate Moisture Index (P-PET (mm)) maps for May-July using CGCM3.1/T47 B1(2) (Median) Scenario (a) 1961-

90 (b) 2020s (c) 2050s (d) 2080s.
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Figure 3.5 Lethbridge, AB (left side) and Swift Current, SK (right side) future climate 

scenarios:  Solid grey bars represent the monthly averages for the baseline 1961-90 

period and the hatched bars represent the median (CGCM3 B1(2)) scenario for the 2040-

2069 period, derived directly from the GCM and downscaled using the LARS-WG.  The 

error bars represent the full range of values from 5 GCMs.  (a) minimum temperature, 
o
C 

(b) maximum temperature, 
o
C (c) precipitation, mm. 
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Figure 3.6 Plots showing the regional averages of projected annual and seasonal change 

in mean temperature and precipitation based on SRES A2 and B2 scenarios for the 2050 

(2040-69) climate. 
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Figure 3.7 Response in annual future flows for the sub-basins. (Original in color) 
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Figure 3.8 Seasonal response of modelled 1961- 90 stream flows compared to the 

modelled flows from 2040-2069. (Original in color) 
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a. Lethbridge 

  

  

b. Swift Current 

  

  

Figure 3.9 Results from LARS-WG at (a) Lethbridge and (b) Swift Current; grey bars 

represent the monthly values for the 1961-90 baseline period and the heavy vertical lines 

represent the range in 2050s projected climate for the five GCMs.  Variables compared 

are the length of temperature spells below 0
o
C and above 30

 o
C, and monthly dry-day and 

wet-day lengths. 
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a. 

 

b. 

 

 

Figure 3.10 The first principal component of annual P-PET values for timescales greater 

than 8 years.  a. Compares the observed and 20CM modeled trends.  b. Compares the 

future scenarios.  The first eigenvalue explains 86% of observed and over 95% of the 

GCM annual P-PET variance for the 1961-90 period. 
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Figure 3.11 Monthly PDO index values: 1900 – February 2007.
54

                                                           
54

 Mantua, N.J. and S.R. Hare, Y. Zhang, J.M. Wallace, and R.C. Francis,1997: A Pacific 

interdecadal climate oscillation with impacts on salmon production. Bulletin of the 

American Meteorological Society, 78, pp. 1069-1079. Internet]. 2007 [cited December 

12, 2007]. Available from http://jisao.washington.edu/pdo/. 
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Figure 3.12  Reconstructed annual flow of the South Saskatchewan River for the period 1402-2004 
55

. The vertical bars 

represent departures from the mean flow. Prolonged periods of low flows are evident prior to the instrumental period 

starting in the early 20
th

 century. 

   

 
                                                           

55
 Axeslon, “Historical Streamflow Variability”, 2007. 
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Abstract 

The climatology and hydrology of western North America display strong periodic cycles 

which are correlated with the low-frequency Pacific Decadal Oscillation (PDO). The 

PDO’s signature is seen throughout the entire North Pacific region, with related 

significant associations to hydrology and ecology in western North America and 

northeastern Asia. Therefore, the status of the PDO in a warmer world caused by 

anthropogenic climate change is of great interest. We developed early 21
st
 century 

projections of the PDO, using data from archived runs of the most recent high-resolution 

global climate models from the IPCC Fourth Assessment Report (AR4) (Phase 3 of the 

Coupled Model Intercomparison Project - CMIP3). Because of the geographical 

adjacency of and hypothesized interactions between the PDO and the El Niño-Southern 

Oscillation (ENSO), and between the PDO and the North Atlantic Oscillation/Arctic 

Oscillation (NAO/AO), we also developed concurrent projections of ENSO and the NAO 

and examined their relationships with the projected PDO.  For the B1, A1B and A2 

emissions scenarios, the PDO projections for 2000-2050 showed a weak multi-model 

mean shift towards more occurrences of the negative phase PDO, which becomes 

statistically significant for the time period 2000-2099. However, not all the models 

showed a consistent shift to negative PDO conditions.  

 

Keywords: Pacific Decadal Oscillation (PDO), El Niño-Southern Oscillation (ENSO), 

North Atlantic Oscillation (NAO), Arctic Oscillation (AO), Global Climate Model 

projections, Coupled Model Intercomparison Project (CMIP3)  
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Introduction 

The Pacific Decadal Oscillation (PDO) is a re-occurring sea surface temperature 

(SST) pattern that describes a large amount of North Pacific Ocean variability (Mantua et 

al., 1997; Zhang et al., 1997; Mantua and Hare, 2002). When the PDO is in its warm or 

positive phase, SSTs in the central north Pacific are relatively low and northeastern 

Pacific SSTs are warmer and vice-versa in the cool or negative phase. The low-frequency 

PDO shifts phases on an inter-decadal time scale, usually at about 20 to 35 years 

(Minobe,1997; 1999; Mantua and Hare, 2002) from warm to cool phases in 1890 and 

1947 and from cool to warm in 1925 and 1977 (Minobe, 1997; Deser et al., 2004). The 

PDO is primarily a wintertime (November-March) phenomenon. 

 The PDO has significant correlations with the climatology and hydrology of 

northwestern North America (Mantua et al., 1997; McCabe and Dettinger, 2002; Mantua 

and Hare, 2002; Stewart et al., 2005; Whitfield et al., 2010; St. Jacques et al., 2010; 

Wise, 2010). Winter precipitation in this region is higher (lower) and winter temperatures 

are cooler (warmer) when the PDO is in a negative (positive) phase, and vice-versa in 

southwestern North America (Mantua et al., 1997; Mantua and Hare, 2002). Therefore, 

strong negative correlations exist between the PDO and precipitation and river discharge 

in the Pacific Northwest and corresponding positive correlations in the American 

Southwest and Northern Mexico. The PDO’s signature is also seen throughout the North 

Pacific region, with related significant associations in Alaskan, northeastern Siberian, 

Manchurian, Korean and Japanese hydroclimatology (Mantua and Hare, 2002; Deser et 

al., 2004). Physical oceanographic patterns propagate into ecological impacts as strong 

fingerprints of the PDO are shown in ocean productivity and fisheries populations 
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(Mantua et al., 1997; Francis et al., 1998; McGowan et al., 1998; Anderson and Piatt, 

1999; Mantua and Hare, 2002; Zhang et al., 2004; Chen and Hare, 2006).  

The precise nature of the couplings among the extra-tropical North Pacific Ocean 

and its overlying atmosphere is an active research area, with much evidence suggesting 

that the North Pacific atmospheric circulation actually drives the underlying mixed-layer 

oceanic variability (e.g., Davis, 1976; Trenberth and Hurrell, 1994; Lau, 1997; Kushnir et 

al., 2002). However, the PDO reflects an integrated or rectified measure of the North 

Pacific atmosphere-ocean system. Given this and the PDO’s multiple, major linkages 

with the northern Pacific Basin’s climatology, hydrology and marine ecology, its status in 

a warmer world caused by anthropogenic climate change is of great interest. In this study, 

we developed early 21
st
 century projections of the PDO, using data from archived runs of 

the most recent high-resolution global climate models (GCMs), and examined whether 

there was a clear tendency for the models to demonstrate a shift in the North Pacific 

Ocean towards more positive or negative PDO phase-like conditions.  This study is the 

first to explicitly project the PDO as calculated by EOF analysis of North Pacific SST 

residuals, as defined by Mantua et al. (1997) and Zhang et al. (1997). Because of the 

hypothesized interactions between the PDO and the El Niño-Southern Oscillation 

(ENSO), and between the PDO and the North Atlantic Oscillation/Arctic Oscillation 

(NAO/AO), we also examined the concurrent projection of ENSO and the NAO. 

 

PDO Projection Method 

As part of the IPCC Fourth Assessment Report (AR4) Phase 3 of the Coupled 

Model Intercomparison Project (CMIP3), international modeling centers submitted their 

projections for the 21
st
 century under different emissions scenarios, together with their 
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simulations of 20
th

 century climate and control runs to scrutiny by the wider scientific 

community (Meehl et al., 2007). These data from 23 GCMs are archived by the Program 

for Climate Model Diagnosis and Intercomparison (PCMDI) of Lawrence Livermore 

National Laboratory (http://www-pcmdi.llnl.gov/ipcc/about_ipcc,php). Details of the 

GCMs are found in IPCC4 (2007), Table 8.1. Because of the importance of recurring 

large-scale climate patterns (e.g., the PDO, ENSO) for regional climates, researchers 

have begun to critically examine these CMIP3 runs for their capacity to model 

atmosphere-ocean climate oscillations (e.g., Muller and Roeckner, 2006; IPCC4, 2007; 

Overland and Wang, 2007; Yu and Zwiers, 2007; Oshima and Tanimoto, 2009; Stoner et 

al., 2009; Wang et al., 2010).  From the 23 GCMs with archived data, we chose those 

best able to simulate the PDO, using comparisons of spatial and temporal patterns of 

variability from the 20
th

 century observed records, the 20
th

 century simulations and the 

control runs. We specifically examined the GCMs’ capacity to simulate low-frequency 

variability using the multi-century pre-industrial control runs, which were initially run to 

ensure model stability and determine the models’ representation of natural climate 

variability. To project the PDO into the future, we selected model runs under the B1, 

A1B and A2 emissions scenarios, which were available for nearly all GCMs 

(Nakicenovic et al., 2000). 

In order to project the PDO, a method of calculating the PDO must be selected 

from various algorithms available (e.g., Mantua et al., 1997; Minobe, 1997; Zhang et al., 

1997; Overland and Wang, 2007; Oshima and Tanimoto, 2009). For the calculation of the 

PDO from instrumental data, we followed the method described in Mantua et al. (1997) 

(ftp://ftp.atmos.washington.edu/mantua/pdofiles/) and Zhang et al. (1997). Our PDO 

http://www-pcmdi.llnl.gov/ipcc/about_ipcc,php
ftp://ftp.atmos.washington.edu/mantua/pdofiles/
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index is the leading Principal Component (PC) from an un-rotated EOF analysis of 

monthly “residual” North Pacific SST anomalies, poleward of 20
o
 N for the 1900-1993 

time period. “Residuals” are the difference between the observed monthly SST anomalies 

and the monthly mean global average SST anomaly (Zhang et al., 1997). The PDO index 

post 1993 was calculated by projecting the 1994-2008 observed and 1994-2050 GCM 

residual SST anomalies onto the leading eigenvector or loading pattern (EOF 1) from the 

1900-1993 SST data (Mantua (pers. comm.)). All EOF analyses were performed with 

MATLAB
©

. Any further analyses using the PDO index were done with November-March 

averaged data, with the individual months first normalized by 1961-1990. Our main 

methodological divergence from Mantua et al. (1997) lies in our use of the later and more 

complete sea surface temperature HadSST2 dataset (Rayner et al., 2003)  

(http://www.cru.uea.ac.uk/cru/data/temperature/), rather than the earlier HadSST1 

(Folland and Parker, 1990, 1995) and the Optimally Interpolated SST data (Reynolds and 

Smith, 1995). Following are more detailed accounts of the derivation of the PDO index 

from observed and modeled SSTs. 

 

Calculation of the PDO for 1900-2008 from Observed SST Data 

Data used: Monthly SST centered anomalies from the HadSST2 dataset for 1900-2008 

(http://www.cru.uea.ac.uk/cru/data/temperature/).  

The data are arranged as a 5
o
 by 5

o
 grid covering the global ocean, with the first grid 

point centered at 177.5°W and 87.5°N. These SSTs are standardized at each grid point by 

subtracting the monthly means for 1961-1990 calculated from each individual grid point. 

2009 data were not yet available when this analysis was performed.  

Method 

http://www.cru.uea.ac.uk/cru/data/temperature/
http://www.cru.uea.ac.uk/cru/data/temperature/
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(1) North_Pacific_SST_grid represents all grid points in the North Pacific Ocean north 

of 20°N and south of 65°N in the HadSST2 dataset, consisting of 197 grid points in 

total. North_Pacific_SST defines the field of SST anomalies (from HadSST2) from 

the grid points in North_Pacific_SST_grid, covering 1900-2008. This field consists 

of 197 time series, each of length 1308 (12 months × 109 years). 

(2) Global_Ocean_SST_grid represents all grid points in the global ocean north of 35°S 

and south of 75°N in the HadSST2 dataset. A large portion of the Southern Ocean is 

deleted because there simply are not enough SST data spanning 1900-2008 in this 

region.  There are a total of 1177 grid points in this data set. 

(3) Using the Global_Ocean_SST_grid locations, a monthly mean global SST anomaly 

time series (Observed_global_mean) was calculated for 1900-2008, i.e., for each 

month in each year, the mean SST anomaly was computed over the entire global 

ocean. The Observed_global_mean data set has a length of 1308 (12 months  109 

years). 

(4) A Residual_observed_SST_anomaly field for the North Pacific was created by 

subtracting, component-wise, the Observed_global_ mean time series from each 

individual SST time series in North_Pacific_SST_grid.  

(5) The Residual_observed_SST_anomaly field was truncated to consist of data only 

from 1900-1993, with the resulting field called 1900-

1993_Residual_observed_SST_anomaly. The data from each of the 197 grid 

locations are now time series of length 1128 (12 months  94 years). An EOF 

analysis of the 1900-1993_Residual_observed_SST_anomaly field was undertaken 

using the temporal covariance matrix, without any normalization or rotation (Wilks, 
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2006; Bjornsson and Venegas, 1997). In performing the EOF analysis, missing data 

points were set to zero. Owing to the paucity of data from the North Pacific in the 

earlier decades of the 1900s, this was an issue that had to be addressed. The PDO 

index for 1900-1993 is the leading PC time series (or PC 1) from this analysis. 

Mapping the leading eigenvector or loading pattern produces the 1900-1993 PDO 

pattern in the North Pacific (Figure 4.1).   

(6) PDO index values for 1994-2008 were computed differently, following the 

methodology of Mantua et al. (1997). The Residual_observed_SST_anomaly field 

was truncated to consist of data only from 1994-2008, with this field being called 

1994-2008_Residual_observed_SST_anomaly. The data from each of the 197 grid 

locations are now time series of length 192 (12 months  16 years). Projecting the 

1994-2008_Residual_observed_SST_anomaly field onto the leading eigenvector 

from step (5), gives the PDO index for 1994-2008. 

(7) The monthly PC time series was normalized relative to 1961-1990 (i.e., centered by 

subtracting the corresponding monthly mean for 1961-1990, and then divided by the 

corresponding standard deviation) and winter (November-March) indices were 

extracted and then averaged together.   

 

Calculation of the PDO for 1900-2050 From GCM Data  

This was computed analogously to above, simply replacing the observed SST data 

by GCM SST data. For each chosen GCM and for each of its archived paired 20
th

 and 

21
st
 century runs, the GCM SSTs were regridded, using MATLAB

©
, to the same 5

o
 by 5

o
 

gridcell size as the Hadley Centre SST data set for direct comparison.  
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We started with the twelve CMIP3 models that Wang et al. (2010) deemed 

suitable for projecting the PDO (using only those which had full 20
th

 century simulation 

runs available). Wang et al. (2010) and Overland and Wang (2007) used a simpler 

method based upon EOF analysis of SSTs in their seminal papers, rather than EOF 

analysis of the residual SSTs, as Mantua et al. (1997) and Zhang et al. (1997) defined the 

PDO to be. First, in order to determine the GCMs best able to simulate the observed PDO 

spatial pattern, we compared, via spatial correlation coefficients, the mapped leading 

eigenvector (EOF 1) from an un-rotated EOF residual analysis of each 20
th

 century 

simulation run to the mapped EOF 1 of the observed North Pacific residual data (“the 

PDO pattern”).  Only GCMs with correlations greater than 0.7 with the observed North 

Pacific EOF 1 were considered suitable for further analysis. 

Because of the geographical adjacency and the hypothesized interactions between 

the PDO and ENSO, and between the PDO and the North Atlantic Oscillation/Arctic 

Oscillation (NAO/AO), we decided that any GCM used for PDO projection must also 

reasonably reproduce a recognizable ENSO and NAO/AO. This manuscript takes no part 

in the debate about whether or not the NAO is a manifestation of the AO, but simply uses 

the close relationship between the two indices that allows the NAO to be a proxy for the 

AO. We used the averaged June-November Southern Oscillation Index (SOI) (i.e., the 

normalized difference between monthly mean sea level pressure (SLP) at Tahiti and 

Darwin) as our ENSO metric (Ropelewski and Jones, 1987) and the difference between 

winter (December-March) monthly normalized mean SLP at Gibraltar and Reykjavik as 

our NAO metric (Jones et al., 1997).  We use the two-point SLP definitions of the SOI 
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and NAO, with their centennial length time series, given our focus on the low-frequency 

variability of the PDO. We visually compared the correlation map of the observed SOI 

with Pacific SLPs, to similar correlation maps of the SOI for each 20
th

 century simulation 

run. Likewise, we compared the correlation map of the observed NAO with northern 

hemisphere Atlantic-centered SLPs, to similar correlation maps of the NAO for each 20
th

 

century simulation run. Only GCMs which produced a recognizable SOI and NAO 

spatial pattern were analyzed further. 

The statistical significance of changes in the PDO, SOI and NAO indices between 

1900-1999 and 2000-2050 were assessed by two-tailed t-tests, for each individual run and 

the multi-model mean, comparing the simulation mean index for each emissions scenario 

to the corresponding projected mean index. Autocorrelation was present in many of the 

time series. Hence, the significance of any shift in the mean of an index was assessed 

using a Monte Carlo t-test (Manly, 1998). Using the R programming language, the full 

150-year index was randomly shuffled and divided into a 99-year initial portion and a 51-

year latter portion and a t-statistic between the two was computed (R Development Core 

Team, 2008). This was done 10,000 times. The number of times the actual t-statistic 

exceeded the randomly simulated t-statistic was determined, as was the number of times 

the converse occurred, and the two-tailed significance was assessed at the 5% level. 

In order to ascertain if the observed PDO was still present in the same form in the 

projected 2000-2050 North Pacific Ocean, we performed a similar un-rotated EOF 

analysis of the 2000-2050 residual projected SST anomalies. The mapped EOF 1 and 

EOF 2 were then compared by spatial correlation to EOF 1 and EOF 2 from the 1900-

1993 observed data. We then undertook two further analyses to determine how similar 
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the GCM-derived PDO indices were to the observed PDO. First, we examined the GCMs 

for their capacity to produce the low-frequency variability at periodicities characteristic 

of the PDO, that is, ~20 and ~60 years (Minobe, 1997, 1999; Chao et al., 2000). We 

calculated a pre-industrial PDO by projecting the pre-industrial residual SSTs from the 

control runs onto the GCMs’ 1900-1993 EOF 1.  Using multi-taper spectral analysis 

(MTM), the pre-industrial PDO indices were then examined for similar temporal 

variability as the observed PDO index. Adaptively weighted spectra with a red noise 

background were used (five tapers) (Mann and Lees, 1996) (SSA-MTM Toolkit for 

Spectral Analysis, http://www.atmos.ucla.edu/tcd/ssa/).  Additionally, the PDO indices 

derived from the 20
th

 century simulation runs were examined with MTM (three tapers 

used with these shorter records).  

Next, in order to examine if the chosen GCMs replicate the observed 20
th

 century 

temporal coherence between the PDO and ENSO (Kiem et al., 2003; Verdon and Franks, 

2006; Stahl et al., 2006), we compared frequencies of co-occurring strong in-phase 

positive (negative) PDO events and strong or moderate El Niño (La Niña) events and the 

out-of-phase events (i.e., strong positive (negative) PDO events and strong or moderate 

La Niña (El Niño)).  Strong or moderate El Niño events were defined as when the 

averaged June-November SOI < -0.5, and a La Niña event was when the averaged June-

November SOI > 0.5, following Redmond and Koch (1991).  These authors found better 

correlations between the SOI and winter climate when the SOI leads by a few months; 

therefore we maintained this relationship by comparing the leading SOI (June-November) 

event to the following PDO event (November-March).  Only strong PDO events, where 

the absolute magnitude of the PDO was greater than or equal to 0.7 standard deviations 

http://www.atmos.ucla.edu/tcd/ssa/
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(Bond and Harrison, 2000), were used in this analysis (analysis using 0.5 standard 

deviations gave similar results).  Χ
2
-tests were used to determine if the frequencies of the 

in-phase positive PDO/El Niño and negative PDO/La Niña occurrences and the out-of-

phase positive PDO/La Niña and negative PDO/El Niño occurrences were the same in the 

20
th

 century simulation runs for each chosen GCM as in the observed data for 1900-1999.  

As a further exploration of changes in North Pacific variability, Χ
2
-tests were also used to 

determine if the frequencies of the in-phase PDO/ENSO occurrences and the out-of-

phase PDO/ENSO occurrences were the same in the projected data for 2000-2050 as in 

the 20
th

 century simulated runs for each chosen GCM and emissions scenario. 

 

Results 

Our final set of GCMs was CGCM3.1 (T47) (Flato, 2005), CGCM3.1 (T63) 

(Flato, 2005), ECHAM5/MPI-OM (Roeckner et al., 2003), GDFL-CM2.1 (Delworth et 

al., 2006), MIROC3.2 (hires) (Hasumi and Emori, 2004), MIROC3.2 (medres) (Hasumi 

and Emori, 2004), MRI-CGCM2.3.2 (Yukimoto et al., 2001; Yukimoto and Noda, 2003), 

NCAR-CCSM3 (Collins et al., 2006), NCAR-PCM (Washington et al., 2000) and 

UKMO-HadCM3 (Gordon et al., 2000; Pope et al., 2000) (Table 4.1). These ten chosen 

models reproduced the spatial pattern of the observed 20
th

 century PDO well (Figure 4.1). 

However, the simulated 20
th

 century PDOs typically explained more North Pacific 

residual variance in comparison to the actual observed variability, with the possible 

exception of MIROC (hires). All ten GCMs produced a recognizable 20
th

 century SOI 

and NAO index spatial pattern as shown by the comparison of correlation maps of the 

observed June-November SOI with Pacific SLPs, and the observed winter NAO with 
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northern hemisphere SLPs to similar correlation maps of each 20
th

 century simulated SOI 

with SLPs and the simulated NAO with SLPs (Figures 4.2 and 4.3). 

Two of Wang et al. (2010)’s models were dropped: ECHO-G and GDFL2.0, and 

CGCM3.1 (T47) runs 4 and 5. Our analysis required that SST and SLP output from each 

GCM be available for both the 20
th

 century and 21
st
 century in concurrent runs; often 

GCMs have several runs for the 20
th

 century but with only one or two of these runs 

continuing through the 21
st
 century for the different emission scenarios.  Overland and 

Wang (2007) and Wang et al. (2010) considered the GFDL 2.0 model to produce 

acceptable PDO simulations both temporally and spatially, however our results differ.  

Overland and Wang (2007) compared the first EOF spatial pattern using the 20
th

 century 

simulation GCM ensemble mean (i.e., average of the runs) to the observed North Pacific 

EOF 1 spatial pattern, rather than each individual run as only one run continued through 

the 21
st
 century.  We conducted an EOF analysis on this GFDL 2.0 run for the 20

th
 

century simulation and found that EOF 1 correlated with HadSST2 EOF2 and EOF 2 

correlated with HadSST2 EOF 1, therefore we excluded this GCM from the analysis.  We 

also dropped ECHO-G and CGCM3.1 (T47) runs 4 and 5 because their EOF 1’s 

correlated with HadSST2 EOF 2 and their EOF 2’s correlated with HadSST2 EOF 1. 

Early 21
st
 century PDO projections showed a non-significant shift towards more 

negative phase PDO conditions for all three emissions scenarios (Figure 4.4, Tables 4.2 

and 4.3). This can be seen by comparing the multi-model 1900-1999 simulation means to 

the multi-model 2000-2050 means summarized in Table 4.2. (In computing the multi-

model mean, all runs were weighted equally, following Knutti et al., 2010). Although in 

this study the emphasis is on projections for 2000-2050, projections were computed for 
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2000-2099. For all three emissions scenarios, the 2000-2099 multi-model mean showed a 

significant (at the 5% level) shift towards the negative phase of the PDO (Table 4.2). 

Comparison of the 1900-1999 simulation individual run means to the actual 1900-1999 

observed mean PDO index showed that almost all of the simulations produced more 

occurrences of negative phase PDO than were actually observed, except for CGCM3.1 

T47 runs 2 and 3 and HadCM3 (Table 4.3). This bias is subsequently reflected in the 

multi-model 1900-1999 means for all emission scenarios (Table 4.2). The GCMs split 

between those showing a shift, often significant, towards more negative PDO-like 

conditions for all three scenarios (i.e., MIROC (medres), MRI and HadCM3), and those 

showing a contrary shift, also often significant, towards more positive PDO-like 

conditions for all runs and all three scenarios (i.e., CGCM3.1 (T47), CGCM3.1 (T63), 

GDFL2.1, MIROC (hires) and PCM) (Table 4.3). The ECHAM5 runs slightly favored 

negative PDO-like conditions, and CCSM3 split according to emissions scenario. The 

tendencies of the individual GCMs for one PDO phase or the other largely continued 

unchanged if extended to 2051-2099. Inspection of the plots of the projected PDO for 

individual runs suggests that the mean shifts were due to the projections drifting to one 

phase or the other, and not to variance changes, particularly not to changes in the number 

of low extreme values relative to the number of high extremes. 

Early 21
st
 century (2000-2050) June-November SOI projections showed a shift 

towards a climate with more El Niño-like conditions (negative SOI) and decreases in La 

Niña-like conditions (positive SOI) for all three emissions scenarios (Tables 4.2 and 4.3). 

Under the B1 and A1B scenarios, the shift towards more El Niño-like conditions was 

significant at the p ≤ 0.05 level and under the A2 scenario the shift was non-significant (p 
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> 0.1). Comparison of the 20
th

 century simulation means to the actual observed mean SOI 

index showed that that all GCMs had a slight bias towards simulating more La Niña 

conditions than actually happened.  The MIROC3.2 (hires and medres) models showed a 

shift towards more El Niño-like conditions for all emissions scenarios, while the MRI and 

CGCM3.1 (T47) models showed a similar shift towards more El Niño-like conditions in 

most runs and scenarios (Table 4.3). The CGCM3.1 (T63), GFDL 2.1, CCSM3 and 

HadCM3 models showed a shift towards more La Niña-like conditions for all scenarios. 

The NCAR-PCM and ECHAM5 runs split between El Niño- and La Niña-like 

conditions, depending on the scenario. Using the annual SOI gave similar results in all 

analyses and is therefore not discussed further. 

The early 21
st
 century (2000-2050) NAO projections for all three scenarios 

showed a shift towards a climate with more occurrences of the positive NAO phase 

(positive AO) relative to the negative NAO (negative AO), significant at the p ≤ 0.05 

level for the A1B and A2 scenarios, and not significant for the B1 scenario (Tables 4.2 

and 4.3). Comparison of the 20
th

 century simulation means to the actual observed mean 

NAO index showed that that the GCMs had a problem reproducing the NAO accurately, 

having a marked bias towards simulating more negative NAO events than actually 

happened for all emissions scenarios. The CGCM3.1 (T63), GDFL2.1 and NCAR-

CCSM3 means showed a shift towards more positive NAO conditions for all three 

emissions scenarios; while the CGCM3.1 (T47), ECHAM5, MRI and NCAR-PCM run 

means favored a shift towards more positive NAO conditions, particularly for the A1B 

and A2 scenarios, and towards more negative NAO conditions for the B1 scenario (Table 
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4.3). Negative NAO-like conditions were favored more by MIROC (hires), MIROC 

(medres) and HadCM3.  

The observed PDO pattern is still present in the same form in the projected 2000-

2050 North Pacific. This is shown by comparing EOF 1 of a PCA of the 2000-2050 

residual SST anomalies to the observed 1900-1999 PDO pattern (Figures 4.5, 4.6 and 4.7 

and Table 4.6). For all three emission scenarios, almost all runs of the models produced a 

recognizable PDO spatial pattern as their EOF 1, which had a spatial correlation of at 

least 0.70 with the observed PDO pattern. The two exceptions, CGCM3.1 (T47) run 2 

and MIROC (medres), had EOFs with a spatial correlation of 0.69, which does not seem 

markedly inferior (Table 4.6). (For brevity, if multiple runs were available for a model, 

ensemble means are presented in the figures, but the individual runs were checked.) 

Similar to the simulated 20
th

 century PDO patterns, the early 21
st
 century PDOs typically 

also explained more North Pacific residual variance, the exception again being MIROC 

(hires) (Figures 4.1, 4.5, 4.6 and 4.7).  

All of the GCMs had some capacity to produce the characteristic spectrum of the 

PDO: the lowest frequency pentadecadal (50-70 year) periodicity and the low-frequency 

bidecadal (15-20 year) periodicity, and higher frequency variability in the ENSO band of 

2-7 years (Minobe, 1999) (Table 4.4 and 4.6). However, typically the pentadecadal and 

bidecadal peaks were shifted towards higher frequencies, as were the ENSO bands. All of 

the available pre-industrial control runs showed power in two low frequency bands that 

appeared analogous to the pentadecadal and bidecadal peaks, except for MIROC (hires) 

which showed only the lowest frequency peak. Typically, the 20
th

 century simulation 

runs had no significant variability that corresponded to the pentadecadal peak; their 
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length was too short to reasonably detect it.  Almost all 20
th

 century simulation runs had 

significant variability that corresponded to the bidecadal peak; and all had the ENSO 

band, almost invariably shifted to higher frequencies. We considered a GCM to have 

reasonably PDO-like spectral properties if at least one of its preindustrial control or 20
th

 

century simulation runs had pentadecadal, bidecadal, and ENSO band analogs. By this 

criterion, nine of the ten remaining GCMs demonstrated ability to produce a PDO-like 

spectrum (Table 4.6). The exception was ECHAM5, which did not show pentadecadal 

variability in its 20
th

 century runs and had no preindustrial runs. Since the 20
th

 century 

runs are potentially too short to detect the lowest frequencies, the ECHAM5 model was 

kept.  

Comparison of the frequencies of the in-phase PDO/ENSO occurrences and the 

out-of-phase PDO/ENSO occurrences in the observed data to those in the 20
th

 century 

simulated runs demonstrated that all GCMs replicated the temporal coherence between 

the PDO and ENSO well.  The exceptions were CGCM3.1 (T47) runs 1 and 2 which did 

not, and CGCM3.1 (T63) and MRI run 3 which were borderline (Tables 4.5 and 4.6). 

Comparison of the frequencies of the in-phase PDO/ENSO occurrences and the out-of-

phase PDO/ENSO occurrences in the projected data for 2000-2050 for each emissions 

scenario to those in the corresponding 20
th

 century simulation runs demonstrated that 

32% of the GCM runs changed the temporal coherence between the PDO and ENSO in 

2000-2050 relative to 1900-1999 (Table 4.5).  

 

Discussion 

The status of the PDO in a warmer world under anthropogenic climate change is 

of serious concern because it reflects an integrated metric of the North Pacific 
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atmosphere-ocean system given its influence on North Pacific Ocean physical forcing 

and marine ecology and strong correlations with present-day North Pacific climatology 

and hydrology. The capacities of the current highest-resolution GCMs to project the 

future status of the PDO are just beginning to be examined. As far as we know, our 

present study is the first to explicitly project the PDO, as calculated by EOF analysis of 

North Pacific SST residuals. This analysis of PDO projections for 2000-2050 shows a 

multi-model mean shift towards more occurrences of the negative phase PDO.  Some 

form of the correlates or effects of a multi-model mean result of more negative phase 

PDO-like conditions for the early 21
st
 century may be apparent throughout the North 

Pacific Basin, as long as the PDO’s regional teleconnections maintain stationarity 

(Mantua and Hare, 2002; Deser et al., 2004, Pavia et al., 2006).  In general, this shift 

towards more negative PDO-like conditions in the North Pacific Basin will be 

superimposed upon the general global warming trend and its meridional pattern of 

differing effects from hydrological cycle intensification, i.e., drying in mid-latitude and 

sub-tropical regions and increasing moisture in northern regions.   

However, this multi-model mean result of more negative phase PDO-like 

conditions for the early 21
st
 century is relatively weak; it is non-significant, although it 

becomes significant if the entire 21
st
 century is examined (Table 4.2).  The GCMs 

separate between those showing a shift, often significant, towards more negative PDO-

like conditions for all three scenarios (i.e., MIROC (medres), MRI and HadCM3), and 

those showing a contrary shift, also often significant, towards more positive PDO-like 

conditions for all runs and all three scenarios (i.e., CGCM3.1 (T47) , CGCM3.1 (T63), 

GDFL2.1, MIROC (hires) and NCAR-PCM) (Table 4.3). Confidence in a projected 
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negative PDO shift would be higher if the GCMs showed more consistency, and also if 

the physical basis for the PDO were better understood, and a projected negative PDO 

shift made sense in this mechanistic context.  Except for CGCM3.1 T47 runs 1 and 2, the 

ten GCMs showed the observed 20
th

 century coherence between the PDO and ENSO 

(Table 4.6) and did a reasonable job at producing a PDO-like spectrum. Removal of these 

two positive-trending runs which did not show the required observed 20
th

 century 

coherence between the PDO and ENSO from the multi-model mean does strengthen the 

result of the negative PDO shift for the 21
st
 century. As well, multi-model averaging 

serves to filter out biases of the individual models and its results are often in better 

agreement with observations than simulations from individual models (IPCC4, 2007); 

hence, the multi-model mean shift towards negative PDO-like conditions should be 

seriously considered. 

Research on the future state of the PDO is preliminary. Oshima and Tanimoto 

(2009) examined the spatial and temporal patterns of the PDO in the 20
th

 century GCM 

simulations and 21
st
 century projections; however, they defined the PDO index by an area 

weighted average of the SST anomalies over a single, homogenous center of action in the 

central North Pacific region, i.e., without using residual EOF analysis.  Their method 

cannot differentiate between the general anthropogenic global temperature increase and a 

multi-model mean shift towards more negative PDO-like conditions in the North Pacific. 

Overland and Wang (2007) and Wang et al. (2010) found that the global warming trend 

will surpass the natural variability circa 2040-2050 under the A1B emissions scenario, 

leading to a weaker meridional temperature gradient in the North Pacific Region. 

Because of their result, we do not emphasize PDO projections past 2050.  Their EOF 
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analysis used direct North Pacific SST anomalies, rather than the residuals after the 

global ocean warming trend had been removed, as did our analysis, which followed that 

of Mantua et al. (1997) and Zhang et al. (1997). We note that the leading mode in the 21
st
 

century from Overland and Wang (2007) was a more homogeneous pattern than ours, due 

to their different method based on SST anomalies, rather than SST residuals, and 

principal component analysis for the entire 21
st
 century. Because of space limitations, the 

projection of EOF 2 of the observed North Pacific SSTs (the Victoria pattern) and the 

related North Pacific Gyre Oscillation is outside the scope of this paper (Bond et al., 

2003; Di Lorenzo et al., 2008; Overland et al., 2008; Whitfield et al., 2010). 

It is important to verify that these negative PDO shifts of the individual GCM 

runs are not an artifact of the projection method.  Even after the global mean ocean SST 

anomaly time series has been subtracted off the North Pacific SST anomalies, it is 

conceivable that a large amount of global warming could remain in the North Pacific 

residuals. This is because the global mean ocean SST anomaly time series is weighted 

towards the tropics, where warming will not be as great as in the higher latitudes (IPCC 

4, 2007; their Figure 10.8). If a more or less spatially homogenous warming pattern still 

exists in the North Pacific residuals, it could potentially induce a shift towards negative 

PDO-like conditions as an artifact, because of the method used to project the PDO into 

the 21
st
 century (matrix multiplication of the 20

th
 century EOF 1) since the western pole 

of the PDO loading pattern extends over a large area.  

In order to rule out this potential problem, we examined plots of the differences 

between North Pacific SST anomalies and residuals for 1950-1959 versus 2040-2049 for 

all three emissions scenarios. Global warming of 1-3
o
 C, often in a more or less spatially 
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homogenous warming pattern, as in CGCM3.1 T47 (all scenarios), CGCM3.1 T63 (B1 

and A1B), MIROC3.2 (hires) (B1) and MIROC3.2 (medres) (A1B and A2), is clearly 

present in the plots of the differences between the average SSTs in the 1950s from that in 

the 2040s (Figure 4.8 shows the anomaly difference plot for the A1B scenario, the other 

scenarios are similar). However, examination of the plots of the differences between 

North Pacific SST residuals for 1950-1959 versus 2040-2049 (Figure 4.9 shows the 

residual difference plot for the A1B scenario, the other scenarios are similar) shows that 

the unsophisticated method of removing global warming by subtracting the global mean 

ocean SST anomaly time series works quite well, removing any obvious global warming 

pattern. In particular, the spatially homogenous warming pattern in CGCM3.1 T47 (A1B, 

A2), CGCM3.1 T63 (B1 and A1B), MIROC3.2 (hires) (B1) and MIROC3.2 (medres) 

(A1B and A2) is removed. The spatially homogenous warming pattern in CGCM3.1 T47 

(B1) does remain, but this model actually shows a positive shift in the PDO index for this 

scenario. Hence, this issue of the negative PDO shift as an artifact of the projection 

method does not appear to be a problem. 

The exact nature of the couplings among the extra-tropical North Pacific Ocean, 

its overlying atmosphere, and their mutual downstream atmospheric teleconnections is an 

active research area. Some hypothesize that North Pacific Ocean SST variability 

significantly affects the overlying atmospheric circulation given the ocean’s greater 

thermal inertia (e.g., Bond and Harrison, 2000; Rodionov et al., 2007).  Others 

hypothesize that the North Pacific atmospheric circulation drives the underlying mixed-

layer oceanic variability, noting, for instance, that the correlations between North Pacific 

SST and SLP are strongest when the atmosphere leads the ocean by several months (e.g., 
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Davis, 1976; Trenberth and Hurrell, 1994; Lau, 1997; Kushnir et al., 2002).  The crux of 

the matter is the sensitivity of the non-boundary layer middle latitude atmosphere to 

slower SST variability (Overland et al., 2010).  Much evidence, often GCM-based, 

suggests that the SST feedback on the mid-latitude atmosphere is small compared to 

internal atmospheric variability (Trenberth and Hurrell, 1994; Lau, 1997; Kushnir et al., 

2002), except potentially in the region of the western boundary currents (e.g., Minobe et 

al., 2008).  As a possible mechanism to explain the North Pacific atmospheric low 

frequency variability, Dima and Lohmann (2007) suggest that variations in the 

thermohaline circulation produce low frequency uniform anomalies in North Atlantic 

SSTs (the Atlantic Multidecadal Oscillation (AMO)) that are associated with a 

hemispheric SLP pattern that shows opposite atmospheric pressure anomalies over the 

North Pacific and North Atlantic Oceans (see review in McCabe et al., 2008). This North 

Pacific SLP pattern is amplified through atmosphere-ocean interactions, and the SST 

pattern appears to be the PDO. 

The mechanism by which the PDO, or the zonal dipole in North Pacific SSTs, 

affects the hydroclimatology of the downstream western North America is a shift in the 

position of the sub-polar jet, which brings winter storms and precipitation as it crosses 

over the edge of the continent (Gershunov and Barnett, 1998; Bonsal et al., 2001; Stahl et 

al., 2006). We presume that the same mechanism will continue to operate in some 

fashion in the early 21
st
 century under global warming, as it did in the 20

th
 century during 

the early stage of anthropogenic-forced increases in surface air temperatures and SSTs 

(Kaplan et al., 2000). As support for this hypothesis, all ten of the GCMs used in this 

study showed that the observed PDO is still present in the same form as the projected 
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2000-2050 North Pacific (Figures 4.5-4.7). Hence, it is reasonable to project the PDO by 

projecting the 2000-2050 residual SST anomalies from each of the GCMs onto the 

leading eigenvector from the 1900-1993 simulated GCM data.  However, it seems 

uncertain to assume that this mechanism will operate as before when the global warming 

trend surpasses the natural North Pacific variability (Overland and Wang, 2007; and 

Wang et al., 2010). These projections are not forecasts sensu stricto as the AR4 

simulations evaluated here can be considered to have random ocean initializations, while 

upper ocean heat content is a key component of any initialized forecast. 

This study examines the concurrent projection of three atmosphere-ocean 

oscillations: the PDO, SOI and the NAO, rather than the typical one or two (e.g., Fyfe et 

al., 1999; Collins et al., 2005; 2010; van Oldenborgh et al., 2005; Yamaguchi and Noda, 

2006; Meehl and Tang, 2007) and can therefore examine the relationships among them. 

First, interactions between the PDO and ENSO are discussed, then interactions between 

the PDO and the NAO. 

The most recent consensus concerning the future status of ENSO is that the 

CMIP3 models project a more “El Niño-like” mean state change, with no consistent 

indication of detectable future changes in ENSO amplitude, frequency or spatial pattern 

(Yamaguchi and Noda, 2006; IPCC4, 2007, Fig. 10.16; Collins et al., 2005; 2010). This 

study’s multi-model mean decrease in the SOI and typical responses of individual GCM 

runs are consistent with this consensus (Tables 4.2 and 4.3). A shift of the characteristic 

ENSO spectral bands towards higher frequencies has been observed in GCM-derived 

ENSO spectra (van Oldenborgh et al., 2005), which is similar to this study’s result of the 

characteristic PDO spectral bands shifting towards higher frequencies. Whether or not the 
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PDO is independent of ENSO is uncertain, but an active area of research. Some 

researchers (e.g., Newman et al., 2003; Schneider and Cornuelle, 2005; Newman, 2007) 

have argued that ENSO drives the PDO, i.e., that El Niño (La Niña) drives the positive 

(negative) phase of the PDO. If this hypothesis is true, then since there will be more El 

Niño-like mean state conditions under global warming, then possibily more positive 

phase PDO-like conditions could result, depending on the exact nature of the driving 

mechanism. However, if the driving mechanism is a function of the base ENSO state, this 

does not accord with this study’s projections, as 64% of the runs across all scenarios 

showed out-of-phase concurrent shifts between the SOI and the PDO, i.e., 64% of the 

runs showed a 2000-2050 mean shift towards a concurrent negative SOI (El Niño) and 

negative PDO, or positive SOI (La Niña) and positive PDO (Table 4.3). On the other 

hand, other researchers (e.g., Zhang et al., 1996; Yu et al., 2007) have considered the 

PDO to be independent of ENSO, but that reinforcing interactions could occur between 

the two oscillations. Gershunov and Barnett (1998), Yu et al. (2007) and Wise (2010) 

found that there occurred an enhanced response of the Pacific-North American mode 

(Wallace and Gutzler, 1981) when the PDO and ENSO were in the same phase; that is, 

when the PDO was in a negative phase and a La Niña occurred, the Pacific Northwest 

experienced cooler and wetter conditions, and the American Southwest and northern 

Mexico experienced even warmer and drier conditions than normal in a negative PDO 

alone.   

This study’s result of a shift towards a more positive NAO, significant for the 

A1B and A2 emission scenarios, is in accord with the literature reviewed in the IPCC 

AR4 (2007), projecting a more positive AO. The projection of a more positive AO is 



 

156 
 

consistent with a projection of a negative PDO shift, as a more positive AO suggests a 

weaker Aleutian Low which is more consistent with the negative phase of the PDO 

(Gershunov and Barnett, 1998). However, the individual GCM runs showed no consistent 

pattern of an in-phase relationship between the AO/NAO and the PDO (i.e., the PDO 

shifting negative and the NAO shifting positive or vice-versa) (Table 4.3). Yamaguchi 

and Noda (2006) examined CMIP2 GCMs for their ability to concurrently project the 

ENSO and the AO. They found that the GCMs projected a strong shift towards a positive 

AO and a weak El Niño or strong La Niña, or shifts towards a weak positive AO and a 

strong El Niño, but not shifts towards both a strong AO and a strong El Niño 

simultaneously. They observed that this was due to a more positive AO producing a 

weaker Aleutian Low, which is more consistent with La Niña.  All ten CMIP3 GCMs 

considered here were chosen for their ability to simulate the PDO well. A more careful 

examination of these 10 models’ ability to simulate the AO, might show that the GCMs 

best at simulating the AO are those producing results compatible with the concurrent 

PDO projection. In particular, the AO might be more accurately projected by a higher 

geopotential height and/or PCA method (e.g., Stoner et al., 2009), rather than our use of a 

two-point SLP difference method based on the NAO.    

In conclusion, this study projects a weak mean North Pacific Ocean shift towards 

more negative PDO-like conditions for the early half of the 21
st
 century, based on 

archived CMIP3 runs. However, the GCMs split between those showing a shift, often 

significant, towards more negative PDO-like conditions for all three scenarios, and those 

showing a contrary shift, also often significant, towards more positive PDO-like 

conditions for all runs and all three scenarios. It will be interesting to see if corresponding 
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results from a similar analysis of data from the ongoing AR5 (CMIP5) climate prediction 

experiments will show more consistency. As well, research on the actual physical 

mechanisms producing the statistical PDO pattern will provide important insights for any 

future projections of North Pacific SST variability. In conclusion, this study projects a 

weak mean North Pacific Ocean shift towards more negative PDO-like conditions for the 

early half of the 21
st
 century, based on archived CMIP3 runs. However, the GCMs split 

between those showing a shift, often significant, towards more negative PDO-like 

conditions for all three scenarios, and those showing a contrary shift, also often 

significant, towards more positive PDO-like conditions for all runs and all three 

scenarios. It will be interesting to see if corresponding results from a similar analysis of 

data from the ongoing AR5 (CMIP5) climate prediction experiments will show more 

consistency. As well, research on the actual physical mechanisms producing the 

statistical PDO pattern will provide important insights for any future projections of North 

Pacific SST variability. 
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Table 4.1 List of chosen coupled atmosphere-ocean models which archived the required fields, their details, number of available 

21st-century runs per scenario, and length of the pre-industrial control runs (run 1 used).  

 

GCM 

No. 

 

IPCC4  

GCM ID 

 

 

Country 

 

Atmosphere 

resolution 

 

Ocean 

resolution 

Number 21st- 

century runs 

Control 

run 

length 

(years) 
 

B1 

 

A1B 

 

A2 

 

1 
 

CGCM3.1(T47) 

 

Canada 

 

3.7
o
x3.7

o
 L31 

1.84
o
x1.85

o
 

L29 

 

3 

 

3 

 

3 

 

500 

 

2 
 

CGCM3.1(T63) 

 

Canada 

 

2.8
o
x2.8

o
 L31 

1.4
o
x0.9

o
 

L29 

 

1 

 

1 

 

0 

 

400 

 

3 
ECHAM5/MPI-

OM 

 

Germany 

1.875
o
x1.865

o
 

L31 

1.5
o
x1.5

o
 

L40 

 

2 

 

2 

 

1 

 

na 

 

4 
 

GDFL-CM2.1 

 

USA 

 

2.5
o
x2.0

o
 L24 

1.0
o
x1.0

o
 

L50 

 

1 

 

1 

 

1 

 

501 

 

5 
 

MIROC3.2(hires) 

 

Japan 

1.125
o
x1.12

o
 

L56 

0.28
o
x0.188

o
 

L47 

 

1 

 

0 

 

1 

 

100 

 

6 
 

MIROC3.2(medres) 

 

Japan 

 

2.8
o
x2.8

o
 L20 

(0.5-1.4
o
) 

x1.4
o
 L43 

 

1 

 

1 

 

1 

 

500 

 

7 
 

MRI-CGCM2.3.2 

 

Japan 

 

2.8
o
x2.8

o
 L31 

(0.5-2.5
o
) 

x2.0
o
 L23 

 

5 

 

5 

 

5 

 

350 

 

8 
 

NCAR-CCSM3 

 

USA 

 

1.4
o
x1.4

o
 L26 

(0.3-1.0
o
) 

x1.0
o
 L40 

 

1 

 

0 

 

1 

 

500 

 

9 
 

NCAR-PCM 

 

USA 

 

2.8
o
x2.8

o
 L18 

(0.5-0.7
o
) 

x0.7
o
 L32 

 

2 

 

2 

 

2 

 

na 

 

10 
 

UKMO-HadCM3 

 

UK 

 

3.75
o
x2.5

o
 L15 

1.25
o
x1.25

o
 

L20 

 

1 

 

1 

 

1 

 

340 

“na” means no run was archived.

1
6

9
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Table 4.2 Twentieth-century observed mean climate indices and multi-model mean climate indices for the 20th-century 

simulations and for the 21st-century projections under the B1, A1B and A2 SRES emission scenarios.   

 

 Winter PDO June to November SOI Winter NAO 

SRES emission scenario B1 A1B A2 B1 A1B A2 B1 A1B A2 

Observed mean  

1900-1999 0.168 0.168 0.168 -0.098 -0.098 

 

-0.098 0.485 0.485 0.485 

All-model 1900-1999  

simulation mean
b
 -0.109 -0.075 -0.101   0.061 0.066 0.063 -0.059 -0.050 -0.060 

All-model 2000-2050 

mean -0.130 -0.095 -0.129 -0.022 0.006 0.009 -0.019 0.115 0.101 

All-model 2000-2099 

mean -0.161
a
 -0.162 -0.321 -0.017 0.052 0.089 -0.040 0.177 0.161 

 

Italic values identify a future shift to a positive PDO or negative SOI (El Niño-like) or negative NAO mean state; and bold to the 

opposite conditions (i.e., negative PDO or positive SOI (La Niña-like) or positive NAO), relative to the 20th-century simulation 

mean.  Underscore denotes a significant change in a multi-model mean index at the p ≤ 0.05 level, relative to the 20th-century 

simulation mean, as assessed by a Monte Carlo t-test.  
a
 denotes significant change at the 0.05 < p ≤ 0.10 level. 

b
 Not all GCMs had 21st-century projected data for all three emission scenarios, therefore their simulation runs were dropped 

from the multi-model simulation mean where applicable. 

1
7

0
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Table 4.3 The average winter PDO, June to November SOI and winter NAO indices for the simulated 20th-century runs 1900-1999 

(20c3m) and for the projected runs for 2000-2050 for each climate model and emissions scenario.   

GCM 

No. 

 

GCM Run 

PDO SOI NAO 

20c3m B1 A1B A2 20c3m B1 A1B A2 20c3m B1 A1B A2 

1 CGCM3.1 T47_1 -0.22 -0.05 -0.11 -0.11 0.01 -0.10 -0.03 -0.11 -0.11 0.21
a
 0.33 0.25

 a
 

1 CGCM3.1 T47_2 0.29 0.69 0.75 0.51 0.09 0.01 -0.13
 a
 0.05 -0.01 0.27 0.30

 a
 0.45 

1 CGCM3.1 T47_3 0.28 0.99 0.66 0.67 -0.04 0.06 0.01 -0.04 -0.02 -0.10 -0.19 -0.02 

2 CGCM3.1 T63 -0.11 0.36 0.08 na 0.12 0.46 0.22 na -0.06 0.20 0.10 na 

3 ECHAM5_1 -0.42 -0.36 -0.13 -0.52 0.10 0.18 0.13 -0.03 0.08 0.27 0.35 0.60 

3 ECHAM5_2 0.04 na -0.17 na 0.01 na -0.05 na -0.19 na 0.14 na 

3 ECHAM5_3 -0.21 -0.25 na na 0.04 -0.07 na na -0.09 -0.11 na na 

4 GDFL2.1 -0.36 -0.18 -0.01 -0.22 0.05 0.19 0.21 0.12 -0.21 -0.16 0.19 0.04 

5 MIROC(hires) -0.13 0.58 0.50 na -0.01 -0.82 -0.66 na -0.01 -0.05 0.00 na 

6 MIROC(medres) -0.18 -0.23 -0.53 -0.45
 a
 0.29 0.07

 a
 0.18 0.11 0.03 0.08 -0.06 0.02 

7 MRI-2.3.2_1 -0.15 -0.91 -0.40 -0.19 -0.09 -0.19 -0.16 -0.27 0.00 0.30 0.03 -0.41
 a
 

7 MRI-2.3.2_2 0.03 -0.05 -0.07 -0.03 0.00 -0.12 -0.01 0.01 0.04 -0.14 0.12 0.07 

7 MRI-2.3.2_3 0.02 -0.40 -0.49 -0.48 0.18 -0.11
a
 0.05 0.00 -0.05 -0.19 -0.02 0.06 

7 MRI-2.3.2_4 0.06 -0.29 -0.48 -0.13 0.14 -0.14 0.01 -0.16 -0.24 0.51 -0.07 -0.02 

7 MRI-2.3.2_5 -0.45 -1.02 -0.61 -0.45 0.04 -0.18 -0.03 -0.02 -0.10 -0.31 -0.04 0.06 

8 NCAR-CCSM3 0.15 -0.41 na 0.20 -0.09 -0.05 na -0.03 -0.25 0.07
 a
 na 0.03

 a
 

9 NCAR-PCM_1 -0.67 -0.54 na -0.30 0.06 0.13 na -0.08 0.16 0.06 na 0.29 

9 NCAR-PCM_3 -0.07 na 0.11 na 0.03 na -0.02 na 0.22 na 0.50
 a
 na 

9 NCAR-PCM_4 -0.16 0.13 -0.11 -0.02 -0.02 -0.07 -0.13 0.16
 a
 -0.21 -1.09 0.15 0.30 

10 HadCM3 0.25 -0.40 -0.60 -0.42 0.20 0.37 0.50
 a
 0.41 0.00 -0.16 0.15 -0.21 

Italic values identify future simulations that shift to a positive PDO or negative SOI (El Niño-like) or negative NAO mean state; and 

bold to the opposite conditions (i.e., negative PDO or positive SOI (La Niña-like) or positive NAO), relative to the 20th- century 

simulation mean.  GCMs ordered as in Table 4.1. Underscore denotes a significant change in the 2000-2050 mean index at the p ≤ 

0.05 level, relative to the 20th- century simulation mean, as assessed by a Monte Carlo t-test.  
a
 denotes significant change at the 0.05 <  p ≤ 0.10 level.  

“na” means no run was archived for that emissions scenario.  

1
7

1
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Table 4.4 Summary of GCM performance in producing the characteristic spectra of the winter PDO, using the pre-industrial 

control runs and the 20th-century simulation runs. “na” means no run was archived. 
a
 denotes a peak that is barely insignificant. 

 

GCM 

No. 

 

GCM 

Run 

Pre-industrial spectra 20th-century spectra 

Lowest 

frequency 

PDO band 

(50-70 yr) 

Low- 

frequency 

PDO band 

(15-20 yr) 

ENSO 

band 

(2-7yr) 

Lowest 

frequency 

PDO band 

(50-70 yr) 

Low- 

frequency 

PDO band 

(15-20 yr) 

ENSO 

band 

(2-7 yr) 

1 CGCM3.1 T47_1 21.3 12.5  2.4-7.3 31.7
a
 11.1 16.4 2.9-3.7 

1 CGCM3.1 T47_2 21.3 12.5  2.4-7.3 none 8.7 2.1-3.7 

1 CGCM3.1 T47_3 21.3 12.5  2.4-7.3 none 8.8 16.8 2.3-4.0 

2 CGCM3.1 T63 36.6 13.0 2.1-7.4 none 8.3 17.3 2.1-4.4 

3 ECHAM5_1 na na na none 9.7-11.9 4.0-5.0 

3 ECHAM5_2 na na na none none 2.9-3.7 

3 ECHAM5_3 na na na none 11.8
a
 3.2

a
 -7.9 

4 GDFL2.1 52.5
a
 11.5

a
 19.6 2.3-5.3 49.5 14.1

a
 2.7-4.9

a
 

5 MIROC(hires) 33.7 none 2.5 49.5 16.8 2.0-5.3 

6 MIROC(medres) 35.3 11.9
a
 2.4-7.4 28.2

a
 7.4

a
, 9.0

a
 2.5-5.3 

7 MRI-2.3.2_1 29.3 10.9 2.1-5.5 none 20.1-28.2 2.0-6.9 

7 MRI-2.3.2_2 29.3 10.9 2.1-5.5 28.2 16.1 2.3-5.5 

7 MRI-2.3.2_3 29.3 10.9 2.1-5.5 none none 2.3-5.6 

7 MRI-2.3.2_4 29.3 10.9 2.1-5.5 none 10.3 2.6-4.1 

7 MRI-2.3.2_5 29.3 10.9 2.1-5.5 none 18.3 2.3-3.7 

8 NCAR-CCSM3 25.0 8.5 12.5 2.0-6.9 none 11.3-16.5 2.1-2.9 

9 NCAR-PCM_1 na na na 49.5 17.9-21.5 2.0-5.1 

9 NCAR-PCM_3 na na na none none 2.5-5.6 

9 NCAR-PCM_4 na na na none 8.8-11.8 2.3-3.7 

10 HadCM3 31.7
a
 13.5 2.4-5.7 none 12.2-20.5 3.3-3.5 

Multi-taper spectral analysis was used (five tapers for the long pre-industrial runs and three tapers for the shorter 20th-century 

simulation runs). Shown are the periodicities (in years) of significant peaks at the 0.10 significance level using adaptively 

weighted spectra with a red noise background (Mann and Lees 1996).  

1
7

2
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Table 4.5  Comparison of the frequencies of the in-phase positive PDO/El Niño and negative PDO/La Niña occurrences and the 

out-of-phase positive PDO/ La Niña and negative PDO/El Niño occurrences in the 20th-century simulation (20c3m) runs for each 

chosen GCM versus these same frequencies in the observed data for 1900-1999. Also shown are comparisons of the frequencies 

of the in-phase PDO/ENSO occurrences and the out-of-phase PDO/ENSO occurrences in the 20th-century simulated runs versus 

those in the corresponding projected data for 2000-2050 for each emissions scenario.  

GCM 

No. 

GCM 

Run 

20c3m B1 A1B A2 

1 CGCM3.1 T47_1 p ≤ 0.05 no change no change p ≤ 0.05 

1 CGCM3.1 T47_2 p ≤ 0.05 p ≤ 0.05 p ≤ 0.05 no change 

1 CGCM3.1 T47_3 no change p ≤ 0.05 no change p ≤ 0.05 

2 CGCM3.1 T63 0.05 < p ≤ 0.1 p ≤ 0.05 no change na 

3 ECHAM5_1 no change no change no change no change 

3 ECHAM5_2 no change na no change na 

3 ECHAM5_3 no change no change na na 

4 GDFL2.1 no change p ≤ 0.05 no change no change 

5 MIROC(hires) no change p ≤ 0.05 p ≤ 0.05 na 

6 MIROC(medres) no change no change 0.05 < p ≤ 0.1 no change 

7 MRI-2.3.2_1 no change no change no change no change 

7 MRI-2.3.2_2 no change no change no change no change 

7 MRI-2.3.2_3 0.05 < p ≤ 0.1 no change 0.05 < p ≤ 0.1 p ≤ 0.05 

7 MRI-2.3.2_4 no change no change no change no change 

7 MRI-2.3.2_5 no change p ≤ 0.05 no change no change 

8 NCAR-CCSM3 no change no change na no change 

9 NCAR-PCM_1 no change p ≤ 0.05 na no change 

9 NCAR-PCM_3 no change na no change na 

9 NCAR-PCM_4 no change p ≤ 0.05 no change no change 

10 HadCM3 no change no change p ≤ 0.05 p ≤ 0.05 

Chi-square tests were used to assess significance of frequency changes. A strong PDO occurrence was defined as |winter PDO| > 

0.7 standard deviations, and a strong to moderate ENSO event was defined as |June to November SOI| > 0.5. “na” means no run 

was archived for that emissions scenario. GCMs ordered as in Table 4.1.

1
7

3
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Table 4.6 Summary of GCM performance in producing the PDO.  

 

GCM 

No. 

 

GCM 

Run 

2000-2050 

EOF 1 = PDO 

pattern? 

Pre-

industrial 

spectra 

20th-century 

spectra 

20th-

century  

coherenc

e with 

ENSO 
B1 A1B A2 

1 CGCM3.1 T47_1 yes yes yes fine fine no 

1 CGCM3.1 T47_2 yes yes no
a
 fine no pentadecadal no 

1 CGCM3.1 T47_3 yes yes yes fine no pentadecadal yes 

2 CGCM3.1 T63 yes yes na fine no pentadecadal yes 

3 ECHAM5_1 yes yes yes na no pentadecadal yes 

3 ECHAM5_2 na yes na na no bidecadal, no 

pentadecadal 

yes 

3 ECHAM5_3 yes na na na no pentadecadal yes 

4 GDFL2.1 yes yes yes fine fine yes 

5 MIROC(hires) yes yes na no 

bidecadal 

fine yes 

6 MIROC(medres) yes no
a
 yes fine fine yes 

7 MRI-2.3.2_1 yes yes yes fine no pentadecadal yes 

7 MRI-2.3.2_2 yes yes yes fine fine yes 

7 MRI-2.3.2_3 yes yes yes fine no bidecadal, no 

pentadecadal 

yes 

7 MRI-2.3.2_4 yes yes yes fine no pentadecadal yes 

7 MRI-2.3.2_5 yes yes yes fine no pentadecadal yes 

8 NCAR-CCSM3 yes na yes fine no pentadecadal yes 

9 NCAR-PCM_1 yes na yes na fine yes 

9 NCAR-PCM_3 na yes na na no bidecadal,  

no pentadecadal 

yes 

9 NCAR-PCM_4 yes yes yes na no pentadecadal yes 

10 HadCM3 yes yes yes fine no pentadecadal yes 

The 2000-2050 EOF 1 = PDO pattern as assessed in Figures 4.5-4.7, i.e., that the spatial 

correlation (r) between EOF 1 of the 2000-2050 residual projected SST anomalies and 

the PDO loading pattern (EOF 1) from the 1900-1993 observed data was  ≥ 0.70; spectra 

are listed as “fine” if pentadecadal, bidecadal and ENSO band variability analogs are 

found (Table 4.4) 20th-century coherence with ENSO as assessed in Table 4.5, i.e., do 

the 20th- century simulation runs contain frequencies of in-phase and out-of-phase 

PDO/ENSO events comparable to those of the observed 20th-century record? “na” means 

no run was archived for that emissions scenario. GCMs ordered as in Table 4.1. 
a
 r = 0.69. 
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Figure 4.1 The spatial patterns of the leading EOFs of North Pacific SST residuals for 

the ten chosen CMIP3 models, based upon the 20
th

 century simulations, together with that 

from the PDO (i.e., EOF 1 from the observed 1900-1993 HadSST2 data).  The percent 

variance explained is given after the model name; spatial correlation coefficients from 

comparison with the 1900-1993 observed PDO pattern indicated in the upper right hand 

corner. Color scale shows PCA loadings (x 100). If multiple runs were available for a 

model, ensemble means are presented for brevity. (Original in color) 
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Figure 4.2 Pearson’s correlation map of the observed June-November Southern Ocean 

Index (SOI) (Earth Systems Research Laboratory, 

http://www.cdc.noaa.gov/ClimateIndices/) with observed sea level pressures (SLPs) from 

the HadSLP1 dataset (Met Office Hadley Centre, http://badc.nerc.ac.uk) for the 1900-

1999 period, together with correlation maps of the simulated SOI for 1900-1999 with the 

simulated SLPs for each of the ten selected global climate models (see text). Thick red 

(blue) line denotes the positive (negative) correlation at the 95% significance level. 

(Original in color)  

http://www.cdc.noaa.gov/ClimateIndices/
http://badc.nerc.ac.uk/
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Figure 4.3 Pearson’s correlation map of the observed winter North Atlantic Oscillation 

(NAO) index (Earth Systems Research Laboratory, 

http://www.cdc.noaa.gov/ClimateIndices/) with observed sea level pressures (SLPs) from 

the HadSLP1 dataset (Met Office Hadley Centre, http://badc.nerc.ac.uk) for the 1900-

1999 period, together with correlation maps of the simulated NAO for 1900-1999 with 

the simulated SLPs for each of the ten selected global climate models (see text). Thick 

red (blue) line denotes the positive (negative) correlation at the 95% significance level. 

(Original in color)  

http://www.cdc.noaa.gov/ClimateIndices/
http://badc.nerc.ac.uk/
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Figure 4.4  Winter averaged (November-March) Pacific Decadal Oscillation (PDO) 

indices 1900-1999 calculated from 20
th

 century simulations, together with projections for 

2000-2050 for the B1, A1B and A2 emission scenarios. Panels a, c, e show the GCM runs 

that showed a positive shift in the 2000-2050 mean relative to the corresponding 1900-

1999 mean (see Table 4.3). Panels b, d, and f show the GCM runs that showed a negative 

shift in the 2000-2050 mean relative to the corresponding 1900-1999 mean (see Table 

4.3). The grey lines are the individual model runs and the heavy blue lines are multi-

model means of the individual GCM runs shown in that panel. Also shown in red is the 

observed PDO based upon HadSST2 data. (Original in color) 
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Figure 4.5 The spatial patterns of EOF 1 of the 2000-2050 North Pacific projected SST 

residuals from the ten models with available runs, under the 21
th

 century B1 emissions 

scenario. If multiple runs were available for a model, ensemble means are presented. The 

percent variance explained is given after the model name; spatial correlation coefficients 

from comparison to the 1900-1993 observed PDO pattern indicated in the upper right 

hand corner. Color scale shows PCA loadings (x 100). (Original in color) 
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Figure 4.6 The spatial patterns of EOF 1 of the 2000-2050 North Pacific projected SST 

residuals from the nine available models, under the 21
th

 century A1B emissions scenario.  

If multiple runs were available for a model, ensemble means are presented. The percent 

variance explained is given after the model name; spatial correlation coefficients from 

comparison to the 1900-1993 observed PDO pattern indicated in the upper right hand 

corner. Color scale shows PCA loadings (x 100). (Original in color)  
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Figure 4.7 The spatial patterns of EOF 1 of the 2000-2050 North Pacific projected SST 

residuals from the eight models with available runs, under the 21
th

 century A2 emissions 

scenario. If multiple runs were available for a model, ensemble means are presented. The 

percent variance explained is given after the model name; spatial correlation coefficients 

from comparison to the 1900-1993 observed PDO pattern indicated in the upper right 

hand corner. Color scale shows PCA loadings (x 100). (Original in color) 
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Figure 4.8 Plots of the differences between North Pacific SST anomalies (
o
C) for 1950-

1959 versus 2040-2049 for the A1B emissions scenario for each GCM. As a look-up aid, 

the plus or minus sign over the Yukon Territory denotes whether a particular GCM run or 

average run showed a positive PDO shift (+) or negative PDO shift (-) in the 21
st
 century 

as in Table 4.3. (Original in color)  



 

183 
 

 
 

Figure 4.9 Plots of the differences between North Pacific SST residuals (
o
C) for 1950-

1959 versus 2040-2049 for the A1B emissions scenario for each GCM. As a look-up aid, 

the plus or minus sign over the Yukon Territory denotes whether a particular GCM run or 

average run showed a positive PDO shift (+) or negative PDO shift (-) in the 21
st
 century 

as in Table 4.3. (Original in color)  
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Chapter Five: Summary and Recommendations 

Summary 

The main goal of this thesis was to develop scenarios of future hydroclimatic 

variability for the northwestern Great Plains, with the primary focus on southern Alberta, 

southern Saskatchewan and northern Montana.  This research is a departure from the 

conventional climate change scenarios that present shifts in average climate. The goal 

was achieved by through the examination of paleo-climatic data, instrumental data and 

GCM output.  This chapter summarizes the major findings of this thesis.   

1. Multi-century, JJA PDSI reconstructions were derived using the first two-leading PCs, 

from the five longest tree-ring chronologies over the northwestern Great Plains region 

(PC1) and the more localized southern Alberta and northern Montana region (PC2).   

 The most severe, intense and longest duration droughts typically occurred during 

the positive phase of the PDO, periods of high ENSO variability and warm 

periods.   

 Pluvial events were regularly associated with cool temperature phases and La 

Niña occurrences.   

 Dominant modes of variability in the tree-ring series revealed periodicities 

characteristic of the PDO (decadal) and the ENSO (2-7 years).  

 PC2 drought conditions are associated with the winter La Niña 500 hPa 

circulation patterns (Diaz et al., 2001).   

 

Although the tree-rings are primarily representing summer moisture conditions, there 

is an underlying signal associated with the winter Pacific atmosphere-ocean climate 
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variations. This antecedent winter precipitation, associated with large-scale climate 

variability, has a significant impact on the spring/summer hydroclimate conditions in 

these northern latitudes (Hamlet et al., 2007; Pham et al., 2009).     

The next steps to explore the seasonal differences within the tree-rings 

chronologies would be to explore the early/late wood properties of the tree-ring to 

differentiate the winter/spring and summer seasons (Vanstone and Sauchyn, 2010).  This 

would provide further insight into the association between regional climate and the 

atmosphere-ocean circulation patterns.   

 

2. GCM output was used to develop future climate scenarios for the SSRB to assess 

future vulnerabilities and risks associated with the future climate projections.  

 Temperature and precipitation will increase in the SSRB by 2050; less 

precipitation is expected in summer, and more in winter, increasingly in the form 

of rain with rising temperatures.  

 Warmer temperatures will result in a longer growing season, but there also will 

tend to be less available soil moisture in mid- to late-summer.  

 GCMs are able to capture the large-scale climate variability using Principal 

Component Analysis. 

 Although some scenarios do project increases in precipitation, this does not 

counter balance the influence of the increase in temperature as shown by the 

consistent decline in CMI throughout the 21
st
 century (Figure 3.10).   
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Chapter 3 could have been improved by using PDSI instead of the CMI of P-PET 

as the moisture index.  The addition of a statistical downscaling technique or Regional 

Climate Model output would have also provided a beneficial comparative opportunity 

with the ‘delta method’ and the LARS-WG temporal downscaling techniques. More 

emphasis could have been placed on the PCA technique and included more than one 

GCM for this analysis.  By comparing the moisture variability as identified using the 

PCA to the large-scale circulation patterns derived in Chapter 4, the GCM’s ability to 

simulate the climate as inferred by these teleconnections would be assessed. 

   

3. Scenarios of climate variability were derived by projecting the PDO, ENSO, and NAO 

from ten GCMs: CGCM3.1 (T47), CGCM3.1 (T63), ECHAM5/MPI-OM, GDFL-

CM2.1, MIROC3.2 (hires), MIROC3.2 (medres), MRI-CGCM2.3.2, NCAR-CCSM3, 

NCAR-PCM and UKMO-HadCM3 (Table 4.1).   

 Early 21
st 

century June-November SOI projections showed a shift towards a 

climate with more El Niño-like conditions (negative SOI) and decreases in La 

Niña-like conditions (positive SOI) for all three emissions scenarios.  

 This study finds a shift in the ENSO base-state but the changes to the individual 

events are unclear.  

 NAO projections for all three scenarios (A1B, A2 and B1) showed a shift towards 

a climate with more occurrences of the positive NAO phase (positive AO) relative 

to the negative NAO (negative AO).   

 Projections of a weak shift towards more negative PDO-like conditions for the 

early half of the 21
st
 century; however, the GCMs were split between those 
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showing a shift, often significant, between the more negative and positive PDO-

like conditions for all three scenarios. 

 

The status of the PDO in a warmer world under anthropogenic climate change is 

of serious concern. It influences North Pacific Ocean physical forcing and marine 

ecology and has strong correlations with North Pacific climatology and hydrology. As 

long as the PDO’s regional teleconnections maintain stationarity, the correlates or effects 

of a multi-model mean of more negative phase PDO-like conditions for the early 21
st
 

century may be apparent throughout the North Pacific Basin (Mantua and Hare, 2002; 

Deser et al., 2004; Pavia et al., 2006). Projections of a negative PDO shift suggest future 

decreases in winter precipitation and annual surface water availability in the American 

Southwest and northern Mexico. These projections are associated with adverse regional 

effects on agriculture, fisheries, hydroelectric power generation, etc. (IPCC4, 2007, 

Figure 11.12).  

Winter precipitation will probably increase in the Pacific Northwest based on this 

PDO projection. This increase in winter precipitation is consistent with the projections of 

increasing winter precipitation in western Canada (Barrow and Yu, 2005; IPCC4, 2007, 

Figure 11.12; Lapp et al., 2009). However, the projections of increased El Niño-like state 

conditions, in Chapter 4, of inferred warmer and drier conditions are contradictory to the 

winter precipitation scenarios.  This highlights a disconnect between the tropical and 

extra-tropical Pacific Ocean and the association with winter precipitation over the study 

region.    
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Winter temperatures will likely increase less in western North America and more 

in the southern US and northern Mexico, than expected from the pure global warming 

trend. If we assume that PDO is the dominant driving force behind the Pacific Ocean 

variability then in general, this shift towards more negative PDO-like conditions in the 

North Pacific Basin will be superimposed upon the general global warming trend and its 

meridional pattern of differing effects from hydrological cycle intensification. 

Drought events are typically associated with warm periods and with the positive 

PDO and El Niño-like phases, as demonstrated in Chapter 2.  The projected increase in 

temperature will likely increase the frequency, severity and duration of drought events, 

independent of the PDO and ENSO phase.  However, if both the PDO and ENSO (El 

Niño) are in the warm phase, drought events have the potential to be even more severe.  

During extreme warm years, the projected increase in winter precipitation may dampen 

the temperature effect and result in less severe but longer duration drought periods.  The 

pre-instrumental record shows that pluvial events are typically associated with cool 

periods and La Niña conditions; therefore, based on the future projections, we would 

anticipate less extreme flood events.  However, if the cool phases of PDO and ENSO (La 

Niña) coincide the impacts could be significant, particularly when compounded with the 

projected increase in winter precipitation.  

In Chapter 2 the paleoclimatic PDSI reconstruction associated extreme drought 

events with increased ENSO variability; however, the projected changes in ENSO 

amplitude are GCM dependent with no clear tendency (IPCC4, 2007).  Therefore, 

projecting future moisture conditions associated with changes in ENSO variability is 

uncertain. Confidence in GCM output will continually increase as we develop a better 
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and more accurate understanding of the natural climate parameters and the atmosphere-

ocean interactions within the climate system. 

Based on the future climate projections, the agricultural sector will have the 

opportunity to take advantage of the shorter winters and longer frost-free season, 

provided that water supplies are sufficient to sustain production. Thus much adaptation 

will involve the conservation and management of water supplies. Supply management 

could involve engineered capacity and the restoration of the storage capacity of wetlands 

and riparian ecosystems.  Conservation management might involve planting new crops or 

using different irrigation practices. Most adaptation will require adjustments to structures 

and practices on farms and in communities.  The role of government and industry will be 

to facilitate and coordinate adaptation so that implementation is efficient and is seen as 

effective, equitable and to mitigate some of the risks to the agriculture sector as it 

considers new technologies and water management practices. 

 

Recommendations 

1. Many water managers throughout the world typically assess drought risk by using the 

estimate of the “worst drought in 100 years” as the baseline conditions (Verdon-Kidd 

and Kiem, 2010).  This relatively short instrumental period is unable to capture the full 

range of variability and extreme events, as illustrated by this research.  The 

paleoclimatic reconstructions identified periods of drought more extreme and of 

longer duration than observed during the instrumental record.  This insight from the 

paleoclimatic reconstructions should be used to reassess these baseline risk conditions 

and long-term variability of the climate system. It is also vital that the results from 
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these climate change studies be put into a context that water managers and policy 

makers find useable and easy to understand. 

 

2. St. Jacques et al. (2010) analyzed streamflow records of southern Alberta, 

southeastern British Columbia and northwestern Montana (northern Rocky 

Mountains). They concluded that streamflow is declining at most gauges due to 

hydroclimatic changes (probably from global warming) and severe human impacts.  

Future streamflow was projected for the 2000-2099 period using the PDO, ENSO and 

NAO projections constructed in this thesis in Chapter 4, and the results suggested a 

further projected decline in the availability of surface water supplies for the northern 

Rocky Mountains (St. Jacques et al., accepted). This analysis is easily transferable to 

other locations throughout western North America, or the world, where these, or other, 

indices are known drivers of the hydroclimate and thus allow the identification of risks 

and vulnerabilities associated with changing hydroclimatic variability. 

 

3. There are many uncertainties associated with future climate scenarios derived from 

GCMs. Through continued research into the atmosphere-ocean interactions and 

natural climate processes this range of uncertainties among the GCMs will narrow.  

However, no matter how advanced our understanding of the climate system 

interactions and increased level of detail within GCMs, the uncertainties due to the 

nonstationarity of natural climate variability and anthropogenic changes will remain 

an obstacle. This instils the need to maintain or enhance the climate monitoring 

network and continue collecting detailed baseline information to validate the GCMs.   
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4. Policy makers and water managers require risk assessments to implement new, or 

adapt existing, policies that incorporate ‘change’ and are adaptable to the future 

climate uncertainties.  This thesis identifies various sources of uncertainties (e.g. 

SRES emission scenarios, parameterization, and spatial and temporal resolution, etc.).   

Risk assessments require the probability of an event occurring and the consequences if 

it does occur; extreme events, rather than the average conditions, determine the risk. 

Risk assessments using extreme event statistics, such as drought frequency and 

duration, and based on a range of climate variability scenarios, demonstrate the varied 

drought risk on the inter-annual to multi-decadal timescales (Verdon-Kidd and Keim, 

2010).  

 

5. The implied changes to the hydroclimate extend to other sectors, indirectly impacted 

by changes to our water supply.  Risk assessments will help identify our vulnerability 

to such climate impacts as changes in water quality, introduction of new diseases 

(waterborne or airborne), insect infestations, shifts to fire occurrence and some of the 

economic concerns associated with changes and uncertainties to the hydroclimate. 

This will require increased communication and cooperation among the agricultural, 

health, industrial, urban, rural and economic sectors to increase adaptive capacity.  

 

6. To test the internal consistency of the GCMs’, a more in depth analysis is required to 

assess the GCMs’ ability to accurately simulate the temporal and spatial precipitation 

and temperature patterns implied by the large-scale climate indices.  For example, 
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during the positive (negative) phase of the PDO, the November-March precipitation 

should be lower (higher) than average over the Pacific Northwest region for the 

corresponding season. 

 

In conclusion, attempts to anticipate future climate changes will inevitably fail 

without considering the past climate. This complementary analysis, of inferred and 

modeled hydroclimate change and variability, provides a long-term time series of low-

frequency natural climate variability and explores the potential future impacts of 

greenhouse gas warming on these large-scale atmosphere-ocean circulation patterns 

associated with these hydroclimate oscillations.  Climate change has and always will 

exist; however, the extent to which humans are impacting the natural variability will only 

be understood as we gain a greater understanding of the natural cycles.  Comparing 

projected future to historical climate conditions, through validated GCMs, provides a 

better understanding of possible extreme conditions in the future.  This knowledge 

provides tools to increase our adaptive capacity and ability to cope with the effects 

anthropogenic global warming will have on the natural climate patterns in the future.  As 

this knowledge increases, along with the ability of GCMs to simulate these natural 

cycles, greater confidence in our future climate projections will be gained.   
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